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ABSTRACT
Recently, properties of exoplanet atmospheres have been constrained via multi-wavelength transit
observation, which measures an apparent decrease in stellar brightness during planetary transit in front
of its host star (called transit depth). Sets of transit depths so far measured at different wavelengths
(called transmission spectra) are somewhat diverse: Some show steep spectral slope features in the
visible, some contain featureless spectra in the near-infrared, some show distinct features from radiative
absorption by gaseous species. These facts infer the existence of haze in the atmospheres especially
of warm, relatively low-density super-Earths and mini-Neptunes. Previous studies that addressed
theoretical modeling of transmission spectra of hydrogen-dominated atmospheres with haze used some
assumed distribution and size of haze particles. In this study, we model the atmospheric chemistry,
derive the spatial and size distributions of haze particles by simulating the creation, growth and
settling of hydrocarbon haze particles directly, and develop transmission spectrum models of UV-
irradiated, solar-abundance atmospheres of close-in warm (∼ 500 K) exoplanets. We find that the
haze is distributed in the atmosphere much more broadly than previously assumed and consists of
particles of various sizes. We also demonstrate that the observed diversity of transmission spectra can
be explained by the difference in the production rate of haze monomers, which is related to the UV
irradiation intensity from host stars.
Keywords: planets and satellites: atmospheres — planets and satellites: composition — planets and
satellites: individual (GJ 1214b)
1. INTRODUCTION
Composition of exoplanet atmospheres is often mea-
sured by transit observation (e.g., Seager & Deming
2010). When transiting in front of its host star, a
planet blocks a fraction of the incident stellar light. The
amount of blocked light relative to the original stellar
light is called the transit depth. Since a set of transit
depths observed at different wavelengths (called trans-
mission spectrum) depends on atmospheric constituents,
one can infer the atmospheric composition via multi-
wavelength transit observations.
Recently, thanks to advance in observational tech-
niques, atmospheric characterization for relatively small
planets has become possible via transit observa-
tions. Typical examples are GJ 1214b of mass
6.26 M⊕ and radius 2.80 R⊕ (Charbonneau et al. 2009;
Anglada-Escude´ et al. 2013), GJ 3470b of 13.73M⊕ and
3.88 R⊕ (Biddle et al. 2014), and GJ 436b of 25.4 M⊕
and 4.10 R⊕ (Lanotte et al. 2014). Interestingly, trans-
mission spectra of those planets observed so far cannot
be explained only by absorption and scattering (i.e., ex-
tinction) of gaseous molecules in the atmospheres.
GJ 1214b is a super-Earth whose atmosphere has been
probed most. Recent multi-wavelength transit observa-
tions show a relatively featureless or flat spectrum from
the optical (e.g. Narita et al. 2013; Nascimbeni et al.
2015) to near-infrared (e.g. Kreidberg et al. 2014), al-
though de Mooij et al. (2012) reported a tentative in-
crease in the transit depth in the optical. This raises
the possibility that particles such as clouds and hazes
are present in the atmosphere, because those particles
obscure molecular absorption features. (In this study,
we refer to thermochemical condensates as “clouds” and
photochemical products as “hazes”.) Also, its trans-
mission spectrum in the near-infrared is too flat to
2be explained even by a CO2-dominated atmosphere
(Kreidberg et al. 2014). GJ 436b is also reported as
showing a featureless spectrum in the near-infrared
by Knutson et al. (2014), suggesting the presence of a
cloudy/hazy layer.
GJ 3470b is reported to show a bit more compli-
cated spectrum, which includes a steep spectral slope1
in the optical (Fukui et al. 2013; Nascimbeni et al. 2013;
Biddle et al. 2014; Dragomir et al. 2015; Awiphan et al.
2016) and is relatively featureless or flat in the
near-infrared (Crossfield et al. 2013; Ehrenreich et al.
2014). A modest amount of cloud/haze particles, if
present, tend to steepen the spectral slope in the op-
tical (Lecavelier Des Etangs et al. 2008), while a thick
cloud/haze obscures molecular and atomic absorption
features, flattening the spectrum. Though the num-
ber of samples is still small, cloud/haze may be com-
monly present and bring about a diversity of spectra
(Sing et al. 2016). Stevenson (2016) and Heng (2016)
explored this diversity by quantifying the degree of
cloudiness in atmospheres of transiting exoplanets from
their spectra. Both two studies reported the trend that
cooler planets were more likely to have cloudy/hazy at-
mospheres.
As a candidate for the cloud/haze, we consider hydro-
carbon haze in this study for the reason below, while
some other constituents are assumed in previous stud-
ies. The above three exoplanets are close-in super-
Earths/mini-Neptunes orbiting M stars. Their atmo-
spheric temperatures are typically ∼ 500 to 1000 K.
Also, those close-in planets are exposed to intense
UV radiation from their host stars. In such warm,
highly-UV irradiated environments, hydrocarbon hazes
are formed easily through photochemical reactions trig-
gered by photo-dissociation of methane, provided the
atmospheres are reducing enough that CH4 rather than
CO dominates the atmospheric carbon chemistry (e.g.
Yung et al. 1984). Note that a great number of ex-
oplanets in the similar environments will be detected
in near future, because MK dwarfs are most abun-
dant in the solar neighborhood (e.g., Cantrell et al.
2013). Also, transit exoplanet surveys so far have
detected many low-density low-mass exoplanets, which
indicates that there are abundant low-mass exoplan-
ets with relatively hydrogen-rich, reducing atmospheres
(Fortney et al. 2007, and references therein).
Some studies so far addressed theoretical modeling
of transmission spectra of hydrogen-rich atmospheres
1 The steep slope in the optical is sometimes referred to as
the Rayleigh scattering slope in the literature. However, one can
never conclude that the slope is due to Rayleigh scattering from
an observed spectral slope alone (see Heng 2016).
in such environments, considering the effect of haze in
the atmosphere. Howe & Burrows (2012) is the first to
quantify the effects of haze on transmission spectrum of
GJ 1214b’s atmosphere. They assumed an atmospheric
layer that contained haze particles such as tholin. The
haze layer is characterized by four parameters, includ-
ing single values of the number density and size of the
haze particles and the pressures of the upper and lower
edges of the haze layer. (They also considered the exis-
tence of clouds, below which transmitted light is cut off
completely, regardless of wavelength.) Comparing their
theoretical spectra with various haze/cloud properties
and molecular compositions to the observed transmis-
sion spectrum of GJ 1214b, they demonstrated that a
hydrogen-rich atmosphere with the haze layer could ex-
plain the observed transmission spectrum, provided ap-
propriate sets of the haze parameters were chosen.
The same way for incorporating the effect of a haze
layer was adopted by Ehrenreich et al. (2014), who mod-
eled transmission spectra of GJ 3470b’s atmosphere and
then compared them with the observed one, including
their observations done with Hubble Space Telescope
(HST). They found no solution that reproduced the
observed steep spectral slope in the optical, simulta-
neously with the observed flat spectrum in the near-
infrared. Instead, they concluded that both of the
observed features in the visible and the near-infrared
could be matched by a hydrogen-rich atmosphere cov-
ered with clouds, which they modeled in the same way
as Howe & Burrows (2012).
In contrast to the above theoretical modelings that
assume the altitude and thickness of the haze layer,
Morley et al. (2013) tried to determine those prop-
erties by doing photochemical calculations. They
derived numerically the vertical distributions of the
photochemically-produced hydrocarbons, HCN, C2H2,
C2H4, and C2H6, which are precursors of haze particles.
Assuming that haze particles formed from a given frac-
tion of the precursors, which they regarded as a parame-
ter (called the haze-forming efficiency), they determined
the distribution of haze particles and then modeled the
transmission spectrum of GJ 1214b’s atmosphere with
assumed particle size and number density. (In their
modeling, they used the opacity data of soot instead of
those of tholin.) They found that the observed transmis-
sion spectra of GJ 1214b could be explained by the haze
particles with the size of 0.01 to 0.25 µm and the haze-
forming efficiency of 1-5%, although there remained a
possibility of clouds composed of KCl and ZnS.
The above studies certainly demonstrated that the-
oretical transmission spectra of hazy atmospheres
matched the corresponding observations for appropriate
choices of the haze parameters. However, they did not
access the viability of those haze properties sufficiently
3from a physical point of view. In addition, transmission
spectra so far observed seem to be diverse (Sing et al.
2016): In the visible, some show distinct spectral slope
features, some may not. Also, some show molecular and
atomic features, some are featureless. Again, although
the previous studies found that choice of various haze
parameters resulted in variation in transmission spec-
tra, it remains to be clarified what yields such a variety
of haze properties.
Of special interest in this study is the distribution of
the size and number density of haze particles and its
impacts on transmission spectra, which have not been
investigated previously. Therefore we develop trans-
mission spectrum models with detailed calculations of
the creation, growth, and settling of hydrocarbon haze
particles, assuming hydrogen-dominated atmospheres of
close-in warm (. 1000 K) exoplanets. In this first pa-
per, we focus on describing the methodology and demon-
strating the sensitivity of transmission spectra to the
production rate of haze monomers, which relates to the
amount of UV irradiation from the host star. In our
forthcoming papers, we make detailed investigation of
the dependence of transmission spectra on model pa-
rameters, other than monomer production rate, such as
atmospheric metallicity, C/O ratio, eddy diffusion coef-
ficient, atmospheric temperature profile, and monomer
size. Also, we explore in detail the composition of the at-
mospheres of known warm exoplanets by comparing the
observed spectra with our theoretical ones, taking into
account other possibilities of cloud/haze constituents.
The rest of this paper is organized as follows. In § 2,
we describe the assumptions, equations, and calculation
methods for the size and number density distributions
of haze particles and generating the transmission spec-
tra. In § 3, we investigate the vertical distribution of
haze particles and its effects on the transmission spec-
tra. Also, we investigate the dependence of the spectra
on the production rate of haze monomers, which is re-
lated to UV irradiation intensity from the host star. In
§ 4, to gain a deeper understanding of the effect of the
haze particle distribution on transmission spectrum, we
calculate the particle growth and transmission spectra
with a characteristic-size approximation and then com-
pare the results with those obtained in § 3. Finally, we
conclude this paper in § 5.
2. MODEL AND METHOD DESCRIPTION
As described in Introduction, we develop transmis-
sion spectrum models of warm transiting planets with
hydrogen-rich atmospheres by incorporating the effects
of the size and number density distributions of hydrocar-
bon haze that are determined through the production,
growth, and settling processes of the particles. First,
precursor molecules of haze particles (i.e., higher-order
hydrocarbons, which we call haze precursors, hereafter)
are created through photochemical reactions triggered
by UV photodissociation of CH4. Then, aggregation
of the haze precursors results in haze particles of small
size, which are called monomers. Note that the size
of monomers in the atmosphere of Titan was reported
as 40± 10 nm from observations (Tomasko et al. 2009).
Those monomers diffuse and settle downward. Also, col-
lisional growth of the haze particles takes place. Once
the haze particles go down into hot, convective regions,
they are likely to be thermodynamically broken and
evaporated to be CH4 again, which can be diffused up-
ward to be the source of haze precursors.
In this study, we first perform photochemical calcu-
lations to derive the vertical distribution of haze pre-
cursors in a similar way to Morley et al. (2013) (§ 2.1).
Then, using the obtained vertical profiles of the pre-
cursors, we calculate the growth and settling of haze
particles in the atmosphere to derive the steady-state
distributions of the size and number density of the haze
particles (§ 2.2). Finally, we calculate the extinction
opacities of the gases and particles (§ 2.3) and model
transmission spectra of the atmospheres with obtained
properties of haze (§ 2.4).
Before explaining the details of the above three mod-
ules, we first describe the assumptions and treatments
made in all the modules. We make an reasonable as-
sumption that the atmosphere is in hydrostatic equilib-
rium and composed of ideal gases. While considering the
altitude variation of gravity for hydrostatic structure,
we neglect the effect of curvature, which would yield
only a small difference compared to other large uncer-
tainties in model parameters, and assume plane-parallel
structure in the photochemical and particle growth cal-
culations. In this paper, because our focus is on the
effects of the size distribution of haze particles on trans-
mission spectra, we assume, for simplicity, that the at-
mospheric structure is spherically symmetric. In reality,
since close-in exoplanets tend to be tidally locked, the
structure may be far from spherically symmetric. The
details of this effect will be explored in our forthcoming
papers.
2.1. Photochemical Model
Various photochemical models have been constructed
for terrestrial and gaseous planets. Allen et al. (1981)’s
model is for studying the vertical transport and photo-
chemistry in the Earth’s mesosphere and lower thermo-
sphere (50-120 km). Using their model, they derived
the distributions of long-lived species and compared
them with observations. Line et al. (2011) introduced
their photochemical model to explore the chemistry of
warm gaseous exoplanetary atmospheres for explaining
the observed depletion of methane in the atmosphere
4of GJ 436b. Venot et al. (2012) released a large chem-
ical network applying combustion models, which were
validated over the temperature and pressure ranges rel-
evant to hot Jupiter atmospheres. After that, they ex-
panded their networks to hydrocarbons up to six-order
(Venot et al. 2015). Hu et al. (2012) presented the pho-
tochemical model for terrestrial exoplanets applicable
for all types of atmospheres, from reducing to oxidizing.
They presented the results for three benchmark cases
of atmospheric scenarios from reducing to oxidizing for
terrestrial exoplanets. Tsai et al. (2017) presented an
open-source photochemical model for hot exoplanetary
atmospheres, VULCAN, which they validated by repro-
ducing the results of Moses et al. (2011). In this study,
we newly develop a photochemical model to derive the
vertical distribution of haze precursors.
2.1.1. Model description
The one-dimensional continuity-transport equation
that governs the change in the number density of species
i, ni, is written as (Yung & Demore 1999)
∂ni
∂t
= Pi − Li − ∂Φi
∂z
, (1)
where t and z are the time and the altitude, respectively,
Pi and Li are the production and loss rates of species i
due to photochemical and thermochemical reactions, re-
spectively, and Φi is the vertical transport flux of species
i. We assume that the vertical transport occurs by eddy
diffusion and ignore molecular diffusion. The eddy dif-
fusion flux is given by (Yung & Demore 1999)
Φi = −KzzN ∂fi
∂z
, (2)
whereKzz is the eddy diffusion coefficient, N is the total
number density of the atmospheric gas molecules, and
fi ≡ ni/N is the mixing ratio of species i. Here, we have
used the definition of atmospheric scale height and the
ideal gas law.
We include the following 29 chemical species composed
of the five elements, C, H, O, N, and He: O, O2, H2O,
H, OH, CO2, CO, HCO, CH4, CH3, CH3O, CH3OH,
CH, CH2, C, C2, C2H, C2H2, N, N2, NH, NH2, NH3,
CN, HCN, H2, He, O(
1D), and 1CH2. These species
are the ones considered in the photochemical models of
Kopparapu et al. (2012), who studied the atmosphere
of the hot Jupiter WASP-12b, except for H2CO and
CH2OH, which we do not consider. Since the main
focus of this study is on calculating the size and spa-
tial distributions of haze particles and evaluating their
impacts on resultant transmission spectra, we simply
assume that the haze precursors form from C2H2 and
HCN, in the same way as Morley et al. (2013), and
do not include higher-order hydrocarbons such as C2H4
and C2H6. They showed that HCN and C2H2 are the
most dominant hydrocarbons phtochemically produced
in solar-abundance atmospheres with temperature of
500-1000 K, although there remains uncertainties for
the treatment of higher-order hydrocarbons (see, e.g.,
Zahnle et al. 2016). Also, we do not consider sulphur
compounds, because they are scarcely involved in reac-
tions with hydrocarbons of interest here. As both the
opacities of H2S and OCS are much smaller compared to
those of H2O and CH4 according to sulphur’s small ele-
mental abundance, it is sure that they have little impact
on the transmission spectrum. We do not consider Na
and K because they condense as Na2S and KCl clouds,
respectively, and settle downward in the temperature
range of interest (. 1000 K) (Morley et al. 2013).
We adopt 154 thermochemical reactions from the reac-
tion list of Hu et al. (2012). All the thermochemical re-
actions and their rate coefficients are listed in Table C1.
We have chosen the reactions that involve only some
of the above 31 species, although the reaction list of
Hu et al. (2012) contains more reactions. We also con-
sider their reverse reactions using the method described
in Visscher & Moses (2011). Thus, in total, we consider
308 thermochemical reactions. For the calculation of the
Gibbs free energy of each species, which is needed to cal-
culate the equilibrium constants (the ratios of forward
to reverse reaction rate coefficients), we use the polyno-
mial coefficients for calculating enthalpies of formation,
entropies, and heat capacities from the Third Millen-
nium Ideal Gas and Condensed Phase Thermochemical
Database for Combustion 2. Although some rate coeffi-
cients are invalid in the temperature range considered in
this study, we use them outside their temperature range
due to the lack of data and/or theory.
For photochemistry, we consider 16 reactions listed
in Table D2. Likewise, all the reactions are extracted
from the reaction list of Hu et al. (2012) if the reaction
involves only some of the above 31 species. Photodis-
sociation rate of species i (i.e., the number of atoms or
molecules dissociated per unit time) at altitude z, Ji (z),
is written as
Ji (z) =
1
2
∫ ∞
0
qi (λ) σi (λ)F (z, λ) dλ, (3)
where λ is the wavelength, qi (λ) and σi (λ) are the
dimensionless quantum yield of species i, the absorp-
tion cross section (its physical dimension being area) of
species i, and F (z, λ) is the actinic photon flux per unit
area, unit time, and unit wavelength. The factor 1/2
is needed to account for diurnal variation (see Hu et al.
2012). The references from which we take the data of the
quantum yields and absorption cross sections are tabu-
2 http://garfield.chem.elte.hu/Burcat/burcat.html
5lated in Table E3 and D2, respectively, most of which
can be downloaded from the website of the MPI-Mainz
UV/VIS Spectral Atlas of Gaseous Molecules of Atmo-
spheric Interest3. Temperature dependences of absorp-
tion cross sections are known for some of the species,
but measured only in a temperature range between 200
and 300 K. Thus, following Hu et al. (2012), we calcu-
late the absorption cross sections at 300 K by a lin-
ear interpolation with the use of the measured data and
use them for temperatures higher than 300 K, namely
σ(λ, T ) = σ(λ, 300 K), instead of extrapolating beyond
300 K. We consider the attenuation of the actinic flux
as
F (z, λ) = F (∞, λ) e−τ(z,λ)/µ, (4)
where F (∞, λ) is the actinic flux at the top of the atmo-
sphere at wavelength λ and µ is the cosine of the zenith
angle of the star. τ (z, λ) is the optical depth defined by
τ (z, λ) =
N∑
i
∫ ∞
z
ni (z
′)σi (λ) dz
′, (5)
where N is the number of the species. We assume the
zenith angle to be 57.3◦, as done in Hu et al. (2012).
They found that the mean zenith angle differed depend-
ing on the optical depth of interest and concluded that
the assumption of µ = 57◦-48◦, which corresponded to τ
= 0.1-1.0, was appropriate for the one-dimensional pho-
tochemical models.
For the boundary conditions, we set the diffusion flux
Φi as zero for all the species at the upper boundary,
while we fix the volume mixing ratios fi of all the species
at the thermochemical equilibrium values at the lower
boundary. The exact conditions are, however, uncer-
tain, so that previous studies chose different conditions
at both boundaries. As for the upper boundary con-
dition, while some studies set the diffusion flux equal
to the assumed atmospheric escape flux (e.g., Hu et al.
2012), some studies set Φi = 0 for all the species (e.g.
Moses et al. 2011; Venot et al. 2012; Tsai et al. 2017).
In this study, we choose the latter because the atmo-
spheric escape rate is unknown for exoplanets. As for
the lower boundary condition, photochemical modeling
of terrestrial planet atmospheres often sets the flux of
surface emission and/or deposition at the lower bound-
ary (e.g., Hu et al. 2012). However, gas-rich planets,
which we consider in this study, have no rigid surfaces.
While some studies adopted zero flux (e.g., Moses et al.
2011; Venot et al. 2012; Tsai et al. 2017), we fix the vol-
ume mixing ratios fi of all the species at thermochemi-
cal equilibrium values in a similar way to, for example,
Line et al. (2011) and Zahnle & Marley (2014). This
3 http://satellite.mpic.de/spectral atlas
is because the gases at deep levels would be in ther-
mochemical equilibrium. While Moses et al. (2011) re-
ported that they did not find any differences in the re-
sults between the two types of inner boundary condition,
Tsai et al. (2017) found that only the minor (fi . 10
−9)
molecules, CO and CO2, deviated from their thermo-
chemical equilibrium values at relatively cool (1000 K)
lower boundary (1000 bar), but major molecules are in
thermochemical equilibrium.
2.1.2. Calculation method
The calculation method we use in this study is ba-
sically the same as that used in previous works (e.g.,
Venot et al. 2012; Hu et al. 2012; Tsai et al. 2017). We
discretize Eq. (1) as
∂ni,j
∂t
= Pi,j − Li,j −
Φi,j+1/2 − Φi,j−1/2
∆zj
, (6)
where the subscript j represents the physical quantities
in the jth layer and ∆zj is the thickness of the jth layer.
We prepare layers with the same thickness ∆z and set
the pressure at the mid-point altitude of the lowest layer
as the lower boundary pressure. From Eq. (2), we ap-
proximate Φi,j+1/2 as (e.g., Venot et al. 2012; Hu et al.
2012; Tsai et al. 2017)
Φi,j+1/2 = −KzzNj+1/2 fi,j+1 − fi,j
∆z
. (7)
To obtain a steady-state solution, we solve Eq. (6) im-
plicitly with the use of the solver DLSODES (Hindmarsh
1982), which is suitable to solve stiff ODE systems
such as chemical network calculations (e.g., Grassi et al.
2014). It is based on a backward differentiation formula
(BDF), which is also called Gear’s method. The most
suitable order is chosen within the solver. We set the
maximum order allowed to be five. We adopt the values
of relative (RTOL) and absolute (ATOL) tolerances as
10−4 and Nj × 10−15, respectively; the value of ATOL
differs from layer to layer.
The initial number densities of the species are set to
their thermochemical equilibrium values, which we cal-
culate in the following way. A system composed of N
gaseous species being considered, the Gibbs free energy
of the system is minimized at equilibrium. The Gibbs
free energy at fixed temperature T , pressure P , and com-
position ξ is written as (Smith & Missen 1982)
G (T, P, ξ) =
N∑
i=1
ξiφi, (8)
where ξi and φi are the molar number and chemical
potential of species i, respectively, and ξ = {ξ1, ξ2, · ·
·, ξN }. The chemical potential of an ideal gas is given
by (Smith & Missen 1982)
φi (T, P ) = φ
◦
i (T ) +RT ln
pi
pref
. (9)
6Here φ◦ is the standard chemical potential that is a func-
tion of T only, pi is the partial pressure of gaseous species
i, pref is the reference pressure, and R is the molar gas
constant. If a collection of species in the system is given,
theoretically permissible chemical reactions can be de-
rived from the law of conservation of mass:
N∑
i=1
akiξi = bk, (10)
where aki is the number of the kth element contained
in species i and bk is the total number of moles of the
kth element. The composition that gives the minimum
value of the Gibbs free energy is searched for to deter-
mine the equilibrium values of the mole fractions of the
elements in the system. We assume vertically constant
elemental abundance ratios and use the same Gibbs free
energy data as that we use for calculation of reverse rate
coefficients.
We time-integrate Eq. (6) until the system becomes
in a steady state. We adopt the criteria of convergence
such that all the species of fi > 10
−10 vary in mixing
ratio by less than 1% in all the layers. The integra-
tion is done over a period longer than the eddy diffusion
timescale, which we assume as the maximum value of
H2j /Kzz among all the layers at the initial condition.
Here, Hj is the atmospheric scale height for layer j.
The time step is self-adjusted within the solver so that
the estimated local error in ni,j is not larger by an or-
der of magnitude than that of RTOL × ni,j + ATOLj
(≡ EWTi,j). At each time after calling the solver, for
the atmosphere to be in hydrostatic equilibrium and the
total mixing ratio to be unity, we set the output nega-
tive number densities to be zero, renormalize the volume
mixing ratio of each species, recalculate the total num-
ber density at each layer assuming hydrostatic equilib-
rium, and calculate the number density of each species
at each layer. Note that the output negative number
densities are not larger by an order of magnitude than
EWT.
We compare our photochemical model with the pre-
vious thermochemical models for the atmospheres of
HD 189733b and HD 209458b presented by Tsai et al.
(2017) in APPENDIX A and the photochemical mod-
els for the WASP-12b’s atmosphere presented by
Kopparapu et al. (2012) in APPENDIX B. We have con-
firmed that the abundances of most of the species match
those of the previous works within one order of magni-
tude and the profiles of the molecules are similar ex-
cept for absolute value. And the differences in abun-
dances for some molecules would not affect our results
regarding haze distributions and transmission spectra.
We have also confirmed the major trend found in those
for GJ 1214b’s atmosphere (Miller-Ricci Kempton et al.
2012; Morley et al. 2013) and other low temperature
(. 1000 K) atmospheres (Moses et al. 2013; Venot et al.
2014).
2.2. Particle Growth Model
We simulate the growth and settling of hydrocarbon
haze particles after the production of monomers in the
upper atmosphere and determine their steady-state dis-
tribution. We assume that monomers form in situ from
the precursor molecules of haze particles. We assume
HCN and C2H2 as the precursor molecules. While
higher-order hydrocarbons may have to be also included
as the precursors, previous studies (e.g., Morley et al.
2013) showed that HCN and C2H2 are the most dom-
inant hydrocarbons photochemically produced in so-
lar abundance atmospheres with temperature of 500-
1000 K, as mentioned in § 2.1.
2.2.1. Model description
We follow the classical formalism for cloud particle
growth (see Jacobson 2005), which has also been used
to simulate haze particle growth in Titan’s atmosphere
(e.g., Toon et al. 1980, 1992). Note that the same for-
malism has been also used for dust particle growth in
the field of planet formation (see, e.g., Armitage 2010).
Also, as for dust particle growth for brown dwarf atmo-
spheres, there is a series of work (Woitke & Helling 2003,
2004; Helling & Woitke 2006), which is different from
ours in the point that they considered particle growth
due to chemical surface reactions but did not consider
the growth due to coagulation.
Adopting a discrete volume grid, one can write the
one-dimensional continuity-transport equation for the
number density of particles with volume vi, n (vi), as
(e.g. Lavvas et al. 2010)
∂n (vi)
∂t
=
1
2
i−1∑
k=1
K (vk, vi − vk)n (vk)n (vi − vk)
−n (vi)
N∑
k=1
K (vi, vk)n (vk)
−∂Φ (vi)
∂z
+ p (vi) , (11)
where the subscript denotes the volume grid, K (vi, vk)
is the coagulation kernel between two particles with vol-
umes vi and vk, and N is the total number of volume
bins used in the calculation. The first and second terms
on the right-hand side describe the production and loss
of the particles of volume vi (hereafter, the ith parti-
cles, for simplicity) due to the coagulation. Φ (vi) is the
vertical transport flux and p (vi) is the photochemical
production rate of the ith particles, which takes a non-
zero value only for v1, namely monomers.
7Assuming that the vertical transport occurs by sed-
imentation and eddy diffusion, one can write Φ (vi) as
(e.g. Lavvas et al. 2010)
Φ (vi) = −Vs,in (vi)−KzzN ∂ (n (vi) /N)
∂z
, (12)
where Vs,i is the sedimentation velocity of the ith parti-
cles written as (e.g. Lavvas et al. 2010)
Vs,i =
2s2i ρpg
9ηa
fslip,i. (13)
Here, si is the radius of the ith particle, ρp is the particle
internal density, and g is the local gravitational acceler-
ation. ηa is the dynamic viscosity defined as
ηa =
1
3
ρaV thλa, (14)
where ρa is the mass density of the gas, V th is the ther-
mal velocity of the gaseous molecules defined as
V th =
√
8kBT
pima
(15)
with the Boltzmann constant kB, and the temperature
T , and the mean mass of gaseous molecules ma. λa is
the atmospheric mean free path defined as
λa =
kBT
pi
√
2Pd2
(16)
with the pressure P and the diameter of the gas molecule
d. Because H2 is the most abundant gas species in the
atmosphere of interest in this study, we use the diameter
of H2 for the value of d, taken from CRC Handbook of
CHEMISTRY and PHYSICS (Haynes 2012). fslip is the
Cunningham slip-flow correction factor given by (Davies
1945)
fslip,i = 1+ 1.257Kn,i + 0.400Kn,i exp (−1.10/Kn,i),
(17)
where Kn,i is the Knusden number defined as Kn,i ≡
λa/si.
As for coagulation, we consider two rate-controlling
processes which include the Brownian diffusion and
gravitational collection. The latter is the collisional pro-
cess that occurs as a result of difference in sedimentation
velocity between different size particles. The total ker-
nel is assumed to be the sum of the two kernels, namely
K (vi, vk) = KBD (vi, vk) +KGC (vi, vk) . (18)
The Brownian collision kernel for the ith and kth par-
ticles, KBD (vi, vk), can be written as (Jacobson 2005)
KBD (vi, vk) =
4pi (si + sk) (Dp,i +Dp,k)
si+sk
si+sk+
√
δ2
i
+δ2
k
+
4(Dp,i+Dp,k)√
v2
th,i
+v2
th,k
(si+sk)
(19)
with
δi =
(2si + λp,i)
3 − (4s2i + λ2p,i)3/2
6siλp,i
. (20)
Dp,i and vth,i are the diffusion coefficient and thermal
velocity for the ith particle, respectively. These param-
eters are given as
Dp,i =
kBT
6pisiηa
fslip,i (21)
and
vth,i =
√
8kBT
pimp,i
(22)
with the particle mass mp,i. λp,i is the particle’s mean
free path written as
λp,i =
8Dp,i
pivth,i
. (23)
The gravitational collection kernel for the ith and kth
particles, KGC (vi, vk), can be written as (Jacobson
2005)
KGC (vi, vk) = Ecoll,i,kpi (si + sk)
2 |Vs,i − Vs,k|, (24)
where Ecoll,i,k is a collision efficiency given by
Ecoll,i,k =
60EV,i,k + EA,i,kRei
60 + Rei
(si ≥ sk) (25)
EV,i,k =


[
1 +
0.75 ln (2Sti,k)
Sti,k−1.214
]−2
(Sti,k > 1.214)
0 (Sti,k ≤ 1.214)
(26)
EA,i,k =
St2i,k
(Sti,k + 0.5)
2 . (27)
Here, Rei is the Reynolds number written as
Rei =
2siVs,i
νa
(28)
with the kinematic viscosity
νa =
ηa
ρa
(29)
and Sti,k is the Stokes number written as
Sti,k =
Vs,k|Vs,i − Vs,k|
sig
(si > sk) . (30)
When we simulate the particle growth with the dis-
cretized size distribution, we face the problem that the
coagulation between the ith and kth particles (vi > vk)
produces particles of an intermediate volume,
vi,k = vi + vk. (31)
To satisfy the conservations of the mass and the par-
ticle numbers at the same time, we partition this
intermediate-volume particle into the two volume bins,
8vl and vl+1 (vl < vi,k < vl+1), with fractions γl and
γl+1, respectively. Unless vl is the largest volume bin,
these fractions can be written as
γl =
vl+1 − vi,k
vl+1 − vl (32)
and
γl+1 = 1− vl+1 − vi,k
vl+1 − vl . (33)
If vl is the largest volume bin, we cannot partition the
intermediate particle but just put it into the largest vol-
ume bin vl+1, although the mass conservation is not
satisfied. We specify the volume ratio of two adjacent
bins in § 2.5.
2.2.2. Monomer production rate
As described above, we assume that monomers are
formed in situ from the precursor molecules HCN and
C2H2. Thus, we calculate the vertical profile of the mass
production rate of monomers according to the distribu-
tion of the two molecules. We consider that the mass
production rate of monomers, which means the total
mass of monomers produced per unit volume per unit
time, at altitude z is given by
p (v1, z) =
[fHCN (z) + fC2H2 (z)]N (z)∫∞
0
[fHCN (z′) + fC2H2 (z
′)]N (z′) dz′
M˙,
(34)
where fHCN and fC2H2 are the volume mixing ratios
of HCN and C2H2, respectively, and M˙ is the total
mass production rate of monomers throughout the at-
mosphere and its physical unit is mass/area/time.
We assume that M˙ is proportional to the incident
stellar Lyman-alpha (Lyα) flux at the planet’s orbital
distance, ILyα, because monomer production is relevant
to UV photodissociation. Thus, we assume the photo-
chemistry of monomer formation to be driven entirely
by Lyα. For the reference, we use the observed values
of the incident solar Lyα flux, ILyα,Titan, and mass pro-
duction rate, M˙Titan, in the present Titan’s atmosphere;
Nnamely,
M˙ = β
ILyα
ILyα,Titan
M˙Titan. (35)
This is a simpler version of Eq. (8) of Trainer et al.
(2006), which they derived empirically. Although both
linear and quadratic dependences of M˙ on ILyα are
proposed, there is still room for discussion to deter-
mine which relationship is appropriate (Trainer et al.
2006). The linear relationship would be valid when
haze monomers are produced predominantly by pho-
todissociation of hydrocarbon intermediate molecules,
which is the product of photodissociation of CH4, while
the quadratic relationship would be valid when haze
monomers are produced mainly by thermochemical reac-
tions between multiple intermediates (see Trainer et al.
(2006) for details). Because the relationship is totally
uncertain for exoplanet atmospheres, we have adopted
the linear relationship for simplicity, and added a nu-
merical parameter β in the above equation. We adopt
1× 10−14 g cm−2 s−1 for M˙Titan, since microphysical
models, photochemical models, and laboratory simula-
tions all imply that the production rate of the monomers
on Titan is in the range between 0.5 × 10−14 and
2×10−14 g cm−2 s−1 (McKay et al. 2001). Also, we use
6.2×109 photons cm−2 s−1 for ILyα,Titan (Trainer et al.
2006). When we vary β, we also vary the intensities of
the actinic flux at all the wavelengths according to β
(i.e., the Lyα intensity).
Finally, the boundary conditions for Eq. (11) are
given as follows. As the lower boundary conditions, we
consider that all the particles are lost with the larger
of the sedimentation velocity and the downward ve-
locity imposed by the atmospheric mixing, following
Lavvas et al. (2010). As the upper boundary conditions,
we set zero fluxes for all the particle sizes.
2.2.3. Calculation method
We divide the atmosphere into layers with the same
thickness ∆z and discretize Eq. (11) as
∂nj (vi)
∂t
=
1
2
i−1∑
k=1
Kj (vk, vi − vk)nj (vk)nj (vi − vk)
−nj (vi)
N∑
k=1
Kj (vi, vk)nj (vk)
−Φj+1/2 (vi)− Φj−1/2 (vi)
∆z
+ pj (vi) , (36)
where the subscript j represents the physical quantities
in the jth layer. We set the pressure at the mid-point
altitude of the lowest layer as the lower boundary pres-
sure. For Eq. (12), we use the upwind difference scheme
instead of the central difference scheme for the calcula-
tion of sedimentation flux, because of numerical stabil-
ity, and approximate Φj+1/2 (vi) as
Φj+1/2 (vi) = −Vs,i,j+1nj+1 (vi)
−KzzNj+1/2nj+1 (vi) /Nj+1 − nj (vi) /Nj
∆z
.
(37)
To obtain a steady-state solution, we solve the conti-
nuity Eq. (36) implicitly with the same solver DLSODES
(Hindmarsh 1982) that we use in the photochemical
calculations (§ 2.1). We adopt the values of relative
(RTOL) and absolute (ATOL) tolerances as 10−4 and
10−20, respectively. The initial number densities of all
the sizes are set to zero. We adopt the criteria of conver-
gence such that the volume-averaged sizes of particles in
9all the layers, which we calculate as
svol =
∑N
i=1 n (si) s
4
i∑N
i=1 n (si) s
3
i
, (38)
are different by less than 1%.
2.3. Opacity
2.3.1. Haze particles
We calculate the extinction cross sections of haze par-
ticles based on the Mie theory (Mie 1908). In the limit
where the particle radius, s, is large compared to the
radiation wavelength, λ, the Mie theory agrees with ge-
ometric optics. On the other hand, the Mie theory re-
duces to the Rayleigh theory in the limit of s≪ λ.
From the Mie theory, the extinction cross section of a
homogeneous spherical particle of radius s, σext, can be
written as (Bohren & Huffman 2004)
σext = pis
2 2
x2
∞∑
n=1
(2n+ 1)Re (an + bn) , (39)
where Re denotes the real part. Here, x is the size pa-
rameter defined as
x ≡ 2pis
λ
. (40)
Coefficients an and bn are calculated as
an =
mφn (mx)φ
′
n (x)− φn (x)φ′n (mx)
mφn (mx) ζ′n (x)− ζn (x)φ′n (mx)
, (41)
and
bn =
φn (mx)φ
′
n (x)−mφn (x)φ′n (mx)
φn (mx) ζ′n (x)−mζn (x)φ′n (mx)
, (42)
where m is the ratio of the complex refractive indices
of the particle to the surrounding atmosphere. φ and ζ
are the so-called Ricatti-Bessel functions and the prime
indicates differentiation with respect to the argument in
parentheses.
We use the bhmie code (Bohren & Huffman 2004) to
calculate Eqs. (39)-(42). Complex refractive indices of
haze are taken from Khare et al. (1984), which reports
laboratory experiment results for production of tholin
hazes in a simulated Titan’s atmosphere (0.9 N2/0.1
CH4 gas mixture at 0.2 mb).
In Figure 1, we show the extinction cross sections of
the haze particles of five different particle sizes, namely,
0.001 µm, 0.01 µm, 0.1 µm, 1 µm, and 10 µm. When
the particle size is sufficiently small relative to the wave-
length, the scattering is approximated by the Rayleigh
scattering. More specifically, the cross sections for s =
0.001 µm, 0.01 µm, and 0.1 µm show the behavior due
to the Rayleigh scattering in the visible wavelength re-
gion; namely, σext ∝ λ−4. Also, the dependence on the
particle radius is such that σext ∝ s3 (e.g., Petty 2006).
In contrast, for larger particles of 1 µm and 10 µm, no
such feature is found, and the cross sections are rela-
tively independent of wavelength. Note that the bumps
found around 3.0 µm and 4.6 µm come from the vibra-
tional transitions of the C-H bond and C≡N bond of
the tholin-like haze particles, respectively (Khare et al.
1984).
Figure 1. Extinction cross sections of the tholin-like haze
particles of five different particle sizes of 0.001 µm, 0.01 µm,
0.1 µm, 1 µm, and 10 µm.
2.3.2. Gaseous species
For another source of radiative extinction in the at-
mosphere, we consider line absorption by H2O, CO2,
CO, CH4, O2, NH3, OH, N2, HCN, C2H2, and H2. We
ignore the extinction by Na and K because they con-
dense as Na2S and KCl clouds, respectively, and settle
downward in a temperature range of interest (. 1000 K)
(Morley et al. 2013).
The extinction cross section of species i, at wavenum-
ber ν, σi (ν), is written as
σi (ν) =
∑
η,η′
σi,ηη′ (ν) (43)
where σi,ηη′ is the line absorption cross section for the
transition from lower state η to upper state η′.
For briefly, we omit the subscript i hereafter. The line
absorption cross section, σηη′ , is given as
σηη′ (ν) = Sηη′ (T ) f (ν − νηη′ ) , (44)
where νηη′ is the spectral line transition wavenumber,
Sηη′ is the spectral line intensity, and f is the line profile
function. We calculate σηη′ , using the line data from HI-
TRAN2012 (Rothman et al. 2013). When summing the
absorption cross section for each transition, we do not
consider the cross sections whose spectral line intensities
are less than 10−40 cm−2 because of the computational
cost.
According to Sharp & Burrows (2007) and
Rothman et al. (1998), the spectral line intensity
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at temperature T , Sηη′ (T ), is written as
Sηη′ (T )=
pie2gηfηη′
mec
exp (−hcEη/kBT )
Q (T )
[1− exp (−hc (Eη′ − Eη) /kBT )] (45)
=Sηη′ (Tref)
Q (Tref)
Q (T )
exp (−hcEη/kBT )
exp (−hcEη/kBTref)
[1− exp (−hc (Eη′ − Eη) /kBT )]
[1− exp (−hc (Eη′ − Eη) /kBTref)] , (46)
where gη is the statistical weight of the lower state η,
fηη′ is the oscillator strength for the transition between
the lower and upper states, Eη and Eη′ are the lower-
state and upper-state energy, respectively, and Q (T ) is
the total internal partition function at temperature T .
e is the elementary charge, me is the electron mass, and
h, c, and kB are the Planck constant, the speed of light,
and the Boltzmann constant, respectively. Sηη′ (Tref) is
the spectral line intensity at the reference temperature
Tref and written as
Sηη′ (Tref)=
pie2gηfηη′
mec
exp (−hcEη/kBTref)
Q (Tref)
[1− exp (−hc (Eη′ − Eη) /kBTref)] .(47)
The HITRAN2012 database provides the values of
Eη, Eη′ , Sηη′ (Tref), and Q (Tref), where Tref = 296K.
We calculate Q (T ) with the total internal partition
sums (TIPS) code (Fischer et al. 2003) in the HITRAN
database. This code calculates Q (T ) for given tempera-
ture (the temperature range is 70-3000 K) and molecular
species in the HITRAN database.
We consider the air-broadened pressure-shift in the
following way. The shifted spectral line transition
wavenumber ν∗ηη′ can be written as
ν∗ηη′ = νηη′ + δ (Pref)P, (48)
where δ (Pref) is the air-broadened pressure shift, pro-
vided that the shift, δ (Pref), is small relative to νηη′ .
Here, Pref is the reference pressure. The HITRAN2012
database provides the values of δ (Pref), which we use in
calculating the line absorption cross sections.
As for line broadening, we consider pressure broaden-
ing and Doppler broadening. The line profile for pres-
sure broadening is given by the Lorentz profile (Petty
2006),
fL (ν − νηη′ ) = ΓP
pi
[
(ν − νηη′)2 + ΓP2
] , (49)
where ΓP is the line half width of the pressure broad-
ening. On the other hand, the line profile for Doppler
broadening is given by the Gaussian profile (Petty 2006),
fD (ν − νηη′) = 1
∆νDpi1/2
exp
[
− (ν − νηη′)
2
∆νD
2
]
, (50)
where νD is the line half width of the Doppler broaden-
ing.
To consider both line profiles, the convolution of the
Lorentz and Gaussian profiles, which is called the Voigt
profile, is used:
fV (ν − νηη′)=
∫ ∞
−∞
fL (ν
′ − νηη′ ) fD (ν − ν′) dν′ (51)
=
∫ ∞
−∞
ΓL
pi
[
(ν′ − νηη′)2 + ΓL2
] 1
∆νDpi1/2
exp
[
− (ν − ν
′)
2
∆νD
2
]
dν′ (52)
=
1
∆νDpi1/2
H
(
ΓL
∆νD
,
ν − ν′
∆νD
)
, (53)
where H (a, y) is called the Voigt function and defined
as
H (a, y) ≡ a
pi
∫ ∞
−∞
e−x
2
(y − x)2 + a2 dx. (54)
For the calculation of the Voigt function, we use the
polynomial expansion of this function (Kuntz 1997;
Ruyten 2004). We adopt any cut-off in the line wings.
In the HITRAN2012 database, the line half width of
the pressure broadening is calculated as
ΓP (P, T )=
(
Tref
T
)n
[Γair (Pref , Tref) (P − Ps) + Γself (Pref , Tref)Ps] ,(55)
where Γair and Γself are, respectively, the air-broadened
halfwidth and the self-broadened halfwidth at half max-
imum (HWHM) at Tref = 296 K and Pref = 1 atm and
Ps is the partial pressure. The line half width of the
Doppler broadening is given by
∆νD = ν
(
2kT
mc2
)1/2
, (56)
where m is the mass of the molecule (Petty 2006).
We also consider the Rayleigh scattering by those
molecules except OH and the collision-induced absorp-
tion by H2-H2 and H2-He. We have confirmed that the
Rayleigh scattering by OH is negligible for the total ex-
tinction by all the molecules because of its low abun-
dance in the atmosphere. The Rayleigh scattering cross
section is given by (Liou 2002)
σRayleigh =
128pi5
3λ4
α2, (57)
where α is the polarizability. We use the value of
the polarizability for each molecule from CRC Hand-
book of CHEMISTRY and PHYSICS (Haynes 2012).
The collision-induced absorption cross sections are taken
from HITRAN2012 (Rothman et al. 2013).
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2.4. Transmission Spectrum Model
We model transmission spectra following Brown
(2001). The transit depth at wavelength λ, D (λ), can
be defined as
D (λ) =
Ls (λ)− Lobs (λ)
Ls (λ)
. (58)
Here, Ls is the disk-integrated luminosity from the host
star given by
Ls (λ) =
∫ Rs
0
Fs (λ) 2pirdr, (59)
where Rs and Fs are the stellar radius and flux, respec-
tively, and r is the impact parameter measured from the
disk center. Lobs is the disk-integrated luminosity of the
host star during transit. Here, we assume that the inci-
dent stellar light rays are parallel and thus Fs is constant
through the stellar disk, because the orbital distances of
planets of interest are much larger (by a factor of 10-
100) than the host star’s radius. With this assumption,
Lobs is expressed as
Lobs (λ) =
∫ Rs
0
Fs (λ) e
−τ(r,λ) 2pirdr, (60)
where τ (r, λ) is the so-called chord optical depth defined
by
τ (r, λ) = 2
∫ ∞
0
N∑
i=1
σi (r, s, λ)Ni (r, s) ds. (61)
Here, σi and Ni are the extinction cross section and
number density of species i, N is the number of species
whose extinction is considered, and ds is the line element
along the line of sight.
In this study, we assume that all the parts inside the
sphere of radius R0 are optically thick enough to block
the incident stellar light completely. The radius R0 may
be defined as that of a solid surface or an optically
thick cloud deck in the atmosphere, if present. How-
ever, some exoplanets may have no such well-defined
boundary. Even if there is such a boundary, its radius
is unknown in advance. According to our numerical re-
sults, τ is sufficiently larger than unity below the pres-
sure level of 10 bar in the atmosphere considered in this
study. Thus, we define R0 as the radial distance from
the planetary center at which the pressure is 10 bar.
With the above assumption and from Eqs. (58) to
(60), the transit depth D (λ) can be written as
D (λ) =
R0
2 +
∫ Rs2
R02
[
1− e−τ(r,λ)] dr2
Rs
2 . (62)
The so-called transit radius, Rtr (λ), is defined as
Rtr (λ) ≡ Rs
√
D (λ). (63)
2.5. Calculation Procedure and Model Parameters
Finally, we summarize the calculation procedure and
the model parameters and their values that we use in
our simulations.
First, we derive the vertical profiles of volume mixing
ratios of the gaseous species, fi, from the photochem-
ical calculations (§ 2.1). Then, from the sum of fHCN
and fC2H2 , which corresponds to the distribution of the
haze precursors, we simulate the particle growth and
calculate the number density distribution of each haze
volume n(vi, z) (§ 2.2). After that, with the obtained
size and number density distributions of haze particles
and the vertical distribution of the gaseous species, we
model transmission spectrum of the atmosphere (§ 2.4)
with calculations of opacities of gaseous species and haze
particles (§ 2.3). The opacity and transit depth is cal-
culated every wavenumber grid with width of 0.1 cm−1.
In this study, we model the transmission spectra as-
suming the properties of the super-Earth GJ 1214b.
Among super-Earths found so far, the atmosphere of
GJ 1214b has been probed most by transit observations
at multiple wavelengths. The model parameters and
their values we use are listed in Table 1. We will explore
dependence of results on model parameters other than
monomer production rate such as metallicity, C/O ra-
tio, eddy diffusion coefficient, atmospheric temperature
profile, and monomer size in our forthcoming papers.
We adopt the value of the radius at the 1000-bar pres-
sure level (simply called the 1000-bar radius, hereafter)
as 2.07 R⊕, which is 74% of the planet radius reported
by Anglada-Escude´ et al. (2013); We have found that
this value of the 1000-bar radius can roughly match the
observed transit radii of GJ 1214b when we assume a
clear solar composition atmosphere. Note that when we
infer the molecular abundance from observational trans-
mission spectrum, we suffer from degeneracy among the
reference radius, 1000-bar radius, and inferred molecular
abundance (see Heng & Kitzmann 2017).
For the temperature-pressure profile, we use the an-
alytical formula of Guillot (2010), because its smooth
and simple function suits computationally-heavy photo-
chemical calculations. With Eq. (29) of Guillot (2010),
we calculate the temperature-pressure profile averaging
over the whole planetary surface (i.e., f = 1/4 in the
equation). We choose the parameters, namely, the in-
trinsic temperature Tint, equilibrium temperature Tirr,
averaged opacity in the optical kv, and averaged opac-
ity in the infrared kth, so as to match the temperature-
pressure profile of GJ 1214b that Miller-Ricci & Fortney
(2010) derived for a solar composition atmosphere un-
der the assumption of efficient heat redistribution from
the day and night sides. This yieds Tint = 120 K, Tirr =
790 K, kv = 10
−4.0 g cm−2, and kth = 10
−2.6 g cm−2.
12
We have confirmed that our profile agrees with that of
Miller-Ricci & Fortney (2010) within 86 K for the grids
we adopt. We adopt the value of eddy diffusion coef-
ficient Kzz as 1 × 107 cm2 s−1. We will explore the
sensitivity of transmission spectrum to eddy diffusion
coefficient in our forthcoming papers. As for the el-
emental abundance ratios, we assume that of the so-
lar system abundance, which we take from Table 2 of
Lodders (2003), corresponding to C/O, O/H, and N/H
of 5.010× 10−1, 5.812× 10−4, and 8.021× 10−5, respec-
tively.
As for the stellar spectrum used in the photo-
chemical model, we use that of GJ 1214 constructed
by the MUSCLES Treasury Survey (France et al.
2016; Youngblood et al. 2016; Loyd et al. 2016), the
wavelength coverage of which is from 0.55 nm
to 5500 nm. The spectrum for X-rays is con-
structed from Chandra/XMM-Newton and APEC mod-
els (Smith et al. 2001), that for EUV from empiri-
cal scaling relation based on Lyα flux (Linsky et al.
2014), that for Lyα from model fit to line wings
(Youngblood et al. 2016), and that for visible–IR from
synthetic photospheric spectra from PHOENIX atmo-
sphere models (Husser et al. 2013). We use the ver-
sion 1.1 of the panchromatic SED binned to a con-
stant 1 A˚ resolution and downsampled in low signal-
to-noise regions to avoid negative flux, the data of
which is taken from the MUSCLES team’s website4.
We adopt 1 angstrom as the spectral resolution we
use. The Lyα flux of GJ 1214, which is located at
14.6 pc far away from the Sun, was observed as 1.3+1.4−0.5×
10−14 erg cm−2 s−1 at the Earth (Youngblood et al.
2016). From this value, we calculate the Lyα flux at
the planet’s orbit as 3.3 × 1013 photons cm−2 s−1 us-
ing the value of GJ 1214b’s semi-major axis, 0.0148 AU
(Anglada-Escude´ et al. 2013), and the Lyα wavelength
of 121.6 nm. Note that when considering the effects of
the mass production rate of haze monomers (i.e., the
Lyα flux), we vary the intensities of the actinic flux at
all the wavelengths according to the Lyα intensity.
As for the monomer radius s1, we adopt 1× 10−3 µm.
We prepare 40 volume bins, setting the volume ratio
of two adjacent bins to be 3 (Lavvas et al. 2010), and
cover from 1 × 10−3 µm (monomer size) to 1600 µm.
As for the value of haze particle internal density ρp,
we adopt 1.0 g cm−3 , which is adopted by most of the
particle growth models for hydrocarbon hazes in Titan’s
atmosphere (e.g. Toon et al. 1992; Lavvas et al. 2010).
In the photochemical calculations, the atmosphere
is vertically divided into 165 layers with thickness of
45 km, placing the lower boundary pressure at 1000 bar.
This thickness is sufficiently smaller relative even to the
minimum atmospheric scale hight in the atmosphere,
which is 177 km. In the case of the particle growth
model, we consider the pressure range from 10 bar to
10−10 bar with 200 same thickness layers.
Simplified version of our transmission spectrum mod-
els are used for WASP-80b in Fukui et al. (2014) and
for HAT-P-14b in Fukui et al. (2016). In the spectrum
models of Fukui et al. (2014), we ignored the photo-
chemical reactions and regarded the particle size, par-
ticle number density, altitude and thickness of the haze
layer as input parameters. In Fukui et al. (2016), we did
not consider the effects of haze on the spectra.
Table 1. Model parameters and their values used in the simulations
Parameter Description Value Reference
Rs Host star radius 0.201 R⊙ Anglada-Escude´ et al. (2013)
Mp Planet mass 6.26 M⊕ Anglada-Escude´ et al. (2013)
R1000 bar 1000-bar radius 2.07 R⊕
Kzz Eddy diffusion coefficient 1.00× 10
7 cm2 s−1
s1 Monomer radius 1.00× 10
−3 µm
ρp Particle internal density 1.00 g cm
−3
ILyα Lyα flux at the planet’s orbit 3.30× 10
13 photons cm−2 s−1 Youngblood et al. (2016)
3. RESULTS
4 https://archive.stsci.edu/prepds/muscles/
In this section, we show results of our numerical sim-
ulations. First, we investigate the fiducial monomer
production case (i.e., β = 1) in § 3.1-3.3 and then ex-
plore the dependence on the monomer production rate
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by changing β in § 3.4.
3.1. Photochemical Calculations
First we outline the photochemistry of the atmo-
sphere. Although the results we show below are basi-
cally the same as those from the previous studies, we
show them because they are helpful in interpreting our
later results. We note that our photochemical models of
GJ 1214b’s atmosphere are the first ones that use the
observed GJ 1214’s UV spectrum (France et al. 2016;
Youngblood et al. 2016; Loyd et al. 2016).
Figure 2 shows the calculated vertical distributions
of gaseous species in the photochemical equilibrium
state (solid lines). We also present the distributions
obtained by thermochemical equilibrium calculations
(dashed lines) that ignore photochemical processes and
eddy diffusion. In the lower atmosphere (P & 10−4 bar),
the eddy diffusion mixing, which tends to smooth out
compositional gradients, is found to yield constant abun-
dances of H2O, CH4, NH3, N2, and CO equal to the
lower boundary values. In the upper atmosphere (P .
10−4 bar), it turns out that many species (i.e., H, O, C,
HCN, N, O2, C2H2, CH3, OH, CH3OH, NH2, CH2, and
O(1D)) that are quite rare in thermochemical equilib-
rium states are produced photochemically and H is the
most abundant species. The H is known to act as a re-
active radical in reducing atmospheres (Hu et al. 2012).
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Figure 2. Vertical distributions of gaseous species in the
photochemical equilibrium atmosphere. Filled circles rep-
resent the thermochemical equilibrium values at the lower
boundary. The thermochemical equilibrium abundances are
shown with dashed lines for reference. Note that the eddy
diffusion transport is not included in the thermochemical
equilibrium calculations.
As for the haze precursors, HCN and C2H2, fHCN is
always greater than fC2H2 . This means that in our sim-
ulations, the profile of the production rate of monomers
is determined mainly by that of fHCN. The ratio fHCN
is constant in the pressure range of 1 × 10−6 bar to
1× 10−5 bar because HCN is the most stable N-bearing
species in this range.
The details of the production and loss mechanisms
of HCN and C2H2 was discussed in Moses et al. (2011)
for the cases of two hot Jupiters, HD 189733b and HD
209458b. Nevertheless, below, we also explore how the
steady-state abundances of HCN and C2H2 are main-
tained, since the atmospheric temperature considered
in this study is lower than HD 189733b (Teq = 1100 K)
and HD 209458b (Teq = 1316 K
5).
In Figure 3, we plot the distributions of the production
and loss rates of HCN due to thermochemical and photo-
chemical reactions, and transport by eddy diffusion for
the steady-state distribution of HCN. In the pressure
range of 1× 10−7 bar to 3 × 10−6 bar, the steady-state
is maintained almost by the production process via the
thermochemical reaction,
R52 : H2 +CN→ HCN+H,
and the loss process via photodissociation,
P13 : HCN→ H+CN.
On the other hand, in the pressure range of 3×10−6 bar
to 2 × 10−3 bar, the steady-state is maintained by a
balance between the production process via the thermo-
chemical reaction,
R62 : N + CH3 → H2 +HCN,
and the loss process via eddy diffusion transport to the
upper atmosphere.
Figure 4 is the same as Fig. 3 but for C2H2. In the
pressure range of 1×10−7 bar to 5×10−6 bar, the steady-
state is determined by the production process via the
thermochemical reaction,
R30 : C2H+H2 → H+C2H2,
and the loss process via photodissociation,
P16 : C2H2 → C2H+H.
On the other hand, in the pressure range of 5×10−6 bar
to 2× 10−5 bar, the steady-state is determined by pro-
duction process via the thermochemical reaction,
R71 : C2H+NH3 → NH2 +C2H2,
and the loss process, via photodissociation,
P16 : C2H2 → C2H+H.
3.2. Particle Growth Calculations
The growth of haze particles occurs via competi-
tion among coagulation, sedimentation, and diffusion.
5 http://www.openexoplanetcatalogue.com
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Eddy Diffusion
R52: H2 + CN -> HCN + H
R62: N + CH3 -> H2 + HCN
R7: C2H2 + CN -> HCN + C2H 
(a) Production Rate of HCN
Eddy Diffusion
P13: HCN -> H + CN
R7: HCN + C2H -> C2H2 + CN 
(b) Loss Rate of HCN
Figure 3. Distributions of (a) the production and (b) loss rates of HCN due to thermochemical and photochemical reactions,
and transport by eddy diffusion for the steady-state distribution of HCN.
Eddy Diffusion
R28: H + C2H -> C2H2
R7: HCN + C2H -> C2H2 + CN
R30: C2H + H2 -> H + C2H2
R71: C2H + NH3 -> NH2 + C2H2
(a) Production Rate of C2H2
Eddy Diffusion
P16: C2H2 -> C2H + H
R27: C2H2 + OH -> CO + CH3
R7: C2H2 + CN -> HCN + C2H 
R30: H + C2H2 -> C2H + H2 
R82: O + C2H2 -> CO + CH2 
(b) Loss Rate of C2H2
Figure 4. Distributions of (a) the production and (b) loss rates of C2H2 due to thermochemical and photochemical reactions,
and transport by eddy diffusion for the steady-state distribution of C2H2.
Knowledge of the sedimentation velocity is therefore
helpful in understanding the particle growth. Figure 5
shows the sedimentation velocity along pressure for five
different particle radii, 1.0 × 10−3 µm, 3.9 × 10−2 µm,
1.5 µm, 59 µm, and 1600 µm. Change of the trend
found at P ∼ 10−2 bar for the 59 µm particle and P ∼
10−3 bar for the 1600 µm particle, respectively, results
from the transition from slip flow (Kn,i = λa/si > 1) to
Stokes flow (Kn,i = λa/si < 1). In the slip flow regime,
the sedimentation velocity is proportional to the parti-
cle radius (see Eqs. (13) and (17)). On the other hand,
in the Stokes flow regime, the sedimentation velocity is
proportional to the square of the particle radius (see
Eqs. (13) and (17)).
Figure 6 shows the vertical profiles of haze properties.
Here, we define the surface average radius ssurf (yellow
solid line) as
ssurf =
∑N
i=1 n (si) s
3
i∑N
i=1 n (si) s
2
i
, (64)
and the volume average radius svol (red solid line) by
Eq. (38). If the two average sizes agree with each other
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1.0 x 10-3 μm
3.9 x 10-2 μm
1.5 μm
59 μm
1600 μm
Figure 5. Sedimentation velocity for five different particle
radii, 1.0×10−3 µm (purple line), 3.9×10−2 µm (blue line),
1.5 µm (green line), 59 µm (orange line), and 1600 µm (red
line) along pressure.
at a certain altitude, the size distribution is unimodal
at the altitude. The surface average number density
nsurf (yellow dashed line) and the volume average num-
ber density nvol (red dashed line) are calculated as
nsurf =
∑N
i=1 n (si) s
3
i
s3surf
(65)
and
nvol =
∑N
i=1 n (si) s
3
i
s3vol
, (66)
respectively. Also, the mass densities for all the size bins
at each pressure level are plotted with the blue color
contour and the vertical profile of the monomer mass
production rate is plotted with the green solid line.
From Fig. 6, it is demonstrated that the average radii
change dramatically with altitude. In the upper atmo-
sphere, particles grow little because they settle faster
than coagulational growth proceeds. The number densi-
ties become larger as altitude decreases (or the pressure
increases) and they take the peak value at P ∼ 10−7 bar.
Coagulational growth occurs significantly below this
pressure level. As altitude decreases, the average radii
increase from 1 × 10−3 µm to 2-3 µm because of co-
agulational growth, and the number densities decrease
by several orders of magnitude from the peak values.
Again, change of the trend found at P ∼ 10−2 bar re-
sults from the transition from the slip flow to Stokes
flow regimes. A significant increase in the sedimenta-
tion velocity due to the regime transition of drag force
(see Fig. 5) inhibits the collision between particles.
The slight difference between ssurf and svol means that
the haze contains different size particles at each altitude.
Figure 6. Vertical profiles of the surface average radius ssurf
(yellow solid line) and number density nsurf (yellow dashed
line), and the volume average radius svol (red solid line) and
number density nvol (red dashed line) along with that of
the monomer mass production rate (green solid line). See
the text for the definition of each quantity. Also, the mass
densities for all the size bins at each pressure level are plotted
with the blue color contour.
The color contour indicates that particles in some nar-
row range of size are abundant at each altitude and the
monomer size particles exist broadly below the level of
10−7 bar because monomer production occurs in this
region.
In Figure 7, we plot the distributions of number den-
sity of haze particles for all the size bins at seven dif-
ferent pressure levels, 3.4 × 10−8 bar, 2.3 × 10−7 bar,
8.3× 10−6 bar, 4.9× 10−4 bar, 3.7× 10−2 bar, 0.95 bar,
and 10 bar. First it is found that the number den-
sity of monomer size, 10−3 µm, is the largest among
all the sizes at all the pressure levels because of the
large monomer production rate. At low pressures of
P . 10−5 bar, the coagulation due to brownian diffu-
sion is the dominant process, whereas that due to gravi-
tational collection hardly occurs. On the other hand, at
high pressures of P & 10−5 bar, both coagulation mech-
anisms contribute to the particle growth. The coagula-
tion due to gravitational collection makes a second peak
of number density for the pressure levels higher than
8.3 × 10−6 bar, because it occurs in a runaway fashion
much more rapidly compared to that due to brownian
diffusion.
The change of size distribution can be understood as
follows: The particles grow through the frequent colli-
sions with the abundant small particles. The collision
timescale τcoll between a large particle and monomer size
particles can be written as τcoll = (n1σ∆v)
−1
, where n1
is the number density of monomers, σ is the collision
cross section of the large particle, and ∆v is the relative
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3.4 x 10-8 bar
2.3 x 10-7 bar
8.3 x 10-6 bar
4.9 x 10-4 bar
3.7 x 10-2 bar
0.95 bar
Figure 7. Distributions of number density of haze parti-
cles for all the size bins at seven different pressure levels,
3.4 × 10−8 bar (purple line), 2.3 × 10−7 bar (blue line),
8.3 × 10−6 bar (light blue line), 4.9 × 10−4 bar (green line),
3.7×10−2 bar (yellow line), 0.95 bar (orange line), and 10 bar
(red line). The Stokes regime is indicated by dashed lines,
while the slip flow regime is indicated by solid lines; the tran-
sition points are marked by filled circles.
velocity between the particles. The relative velocity due
to sedimentation is proportional to particle radius s in
the slip flow regime and s2 in the Stokes flow regime (see
Eqs. (13) and (17)), while the relative velocity due to
brownian diffusion is proportional to s−
3
2 (see Eq. (22)).
Thus, τcoll ∝ s−3 (slip flow) and ∝ s−4 (Stokes flow) for
gravitational collection, while τcoll ∝ s−1/2 for brown-
ian diffusion. This means the particle growth is always
a runaway process: The larger the particle, the faster
the growth proceeds. Also, the gravitational collection
is much faster than the brownian diffusion especially
for large size particles. Therefore, from P ∼ 10−5 bar
on, the second peak grows rapidly and a valley-shaped
distribution develops (see yellow and orange lines), be-
cause gravitational collection contributes predominantly
to the particle growth above this pressure.
At P = 10 bar, however, the valley is found to disap-
pear. This is because the drag law for the large particles
shifts from the slip flow regime to the Stokes regime. In
Fig 7, the Stokes regime is indicated by dashed lines,
while the slip flow regime is indicated by solid lines; the
transition points are marked by filled circles. Since the
sedimentation velocity is so high in the Stokes regime
(see Fig. 5) that the particles settle faster than they
grow, the largest-size group (& 2 µm) stops growing (see
the orange lines). Then, small particles, which are still
in the slip flow regime, grow and are catching up with
the largest particles.
In Figure 8, we plot the distributions of mass density
for all the size bins at the same set of seven different
10 bar
3.4 x 10-8 bar
2.3 x 10-7 bar
8.3 x 10-6 bar
4.9 x 10-4 bar
3.7 x 10-2 bar
0.95 bar
Figure 8. Same as Fig. 7 but the distribution of mass den-
sity.
pressure levels as shown in Fig. 7. It can be noticed
that there are dominant sizes that account for most of
the total haze mass for all the seven pressure levels. And
the dominant size becomes larger, as pressure increases,
because of the coagulational growth.
3.3. Transmission Spectrum Models
Figure 9 shows the transmission spectrum models for
the atmosphere with haze (green line) and without haze
(black line). Also, the relative cross section of the plane-
tary disk with radius corresponding to a certain pressure
level, which is defined as
DP =
R2P
R2s
, (67)
is presented by horizontal dotted lines from P = 1 ×
10−6 bar to 1 bar for the atmosphere without haze. In
equation (67), RP and Rs are the radius at the pressure
level P and the stellar radius, respectively. Roughly at
these pressure levels, there exist the molecules account-
able for the spectral features. We have confirmed that
the chord optical depth at the pressure that corresponds
to the transit radius is between 0.1 and 1, depending
on wavelength. Note that the transmission spectrum
models are smoothed for clarity by averaging over the
nearest 633 wavenumber points, namely 63.2 cm−1, for
each point. We use the same smoothing method for the
results of spectrum models hereafter.
In the spectrum model for the atmosphere without
haze (black line), several characteristic spectral features
can be seen. For example, prominent features of H2O
are found around λ = 0.7 µm, 0.8 µm, 0.9 µm, 1.2 µm,
1.3-1.6 µm, 1.9 µm, and 2.5-3.0 µm, those of CH4 around
1.7 µm, 2.2-2.4 µm, and 3.3 µm, and that of HCN
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Figure 9. Transmission spectrum models for the atmosphere
with haze (green line) and without haze (black line). Hori-
zontal dotted lines represent the transit depths correspond-
ing to the pressure levels from 1× 10−6 bar to 1 bar for the
atmosphere without haze. Note that the transmission spec-
trum models are smoothed for clarity by averaging over the
nearest 633 wavenumber points, namely 63.2 cm−1, for each
point.
around 3.0 µm. The Rayleigh scattering feature mainly
due to H2 can be seen in the optical wavelength region.
The spectrum for the atmosphere with haze (green
line) is relatively featureless, compared to that for the
atmosphere without haze (black line). This is be-
cause the haze particles in the upper atmosphere (P .
10−4 bar) makes the atmosphere optically thick and
prevent the molecules in the lower atmosphere (P &
10−4 bar) from showing their absorption features. How-
ever, the small features of CH4 above 10
−4 bar can be
seen at 2.2-2.4 µm and 3.3 µm because of their large
extinction cross sections at these wavelengths. Also, the
spectral features due to the C-H and C≡N bonds of the
haze particles appear at 3.0 and 4.6 µm, respectively.
In the wavelength region of 0.3-1 µm (green line),
the spectral slope due to Rayleigh scattering by small
(. 0.1 µm) haze particles in the upper atmosphere
(P . 10−4 bar) can be seen. Previous studies demon-
strated that the existence of two separate cloud lay-
ers were needed to explain both the spectral slope
in the optical and the lack of the absorption fea-
tures in the near-infrared simultaneously; A layer com-
posed of small size (. 0.1 µm) particles in the up-
per atmosphere responsible for the spectral slope due
to Rayleigh scattering and the dense cloud layer that
prevents the molecules from showing their absorp-
tion features (Ehrenreich et al. 2014; Sing et al. 2015;
Dragomir et al. 2015). This study is the first to produce
the transmission spectrum that has the spectral slope,
but no distinct molecular absorption features, without
assuming such cloud layers, by calculating the distribu-
tion of the size and number density of haze particles in
the atmosphere directly.
3.4. Dependence on Monomer Production Rate
Here, we explore the dependence of the transmission
spectrum on monomer production rate M˙ by chang-
ing the haze monomer production parameter β (see
Eq. (35)). As mentioned in § 2.5, when we vary the
value of M˙ , we also vary the actinic flux at all the wave-
lengths according to the change in the incident stellar
Lyα flux.
Figure 10 shows the calculated vertical distributions
of gaseous species for four different values of β, (a)
105, (b) 102.5, (c) 10−2.5, and (d) 10−5, respectively.
We have confirmed the dependence of the molecular
vertical distributions on the incident UV flux reported
by previous works (e.g., Miguel & Kaltenegger 2014;
Venot et al. 2014), as shown in Fig. 10. In the high
UV cases (β = 105 and 102.5), the photodissociation of
the molecules such as H2, H2O, CH4, and NH3 occurs
and produces H, O, C, HCN, N, O2, C2H2, CH3, OH,
O(1D), and CH3OH at deeper levels than in the fidu-
cial case (Fig. 2). On the other hand, in the low UV
cases (β = 10−2.5 and 10−5), the photodissociation does
not occur effectively and the eddy diffusion evens out
the abundance of the molecules such as H2O, CH4, and
NH3 up to higher altitudes.
As for the haze precursors, HCN is always more abun-
dant than C2H2, irrespective of UV flux. Note that as-
sumed values of C/O, O/H, and N/H are 5.010× 10−1,
5.812× 10−4, and 8.021× 10−5, respectively. It can be
seen that the higher (lower) the incident UV flux is, the
lower (higher) the region where the precursors are pro-
duced photochemically becomes, because of the effective
photodissociation.
Figure 11 shows the vertical profiles of the surface av-
erage radius ssurf (yellow solid line) and number density
nsurf (yellow dashed line), and the volume average radius
svol (red solid line) and number density nvol (red dashed
line) along with that of the monomer mass production
rate M˙ (green solid line) for four different values of β,
(a) 105, (b) 102.5, (c) 10−2.5, and (d) 10−5. The mass
densities for all the size bins at each pressure level are
also plotted with the blue color contour. The average
radii are found to depend on the value of β dramatically:
svol becomes as large as 10
3 µm in the case of β = 105,
while it grows only to less than 1 µm in the case of
β = 10−5 at the lower boundary where the pressure is
10 bar. For the high UV cases (β = 105, and 102.5),
the disagreement between ssurf and svol is significantly
larger compared to that in the fiducial case (Fig. 6) and
one clearly finds bimodal distributions due to the large
monomer production rate, as explained in detail below.
In Figure 12, we plot the distributions of number den-
sity for all the size bins at seven different pressure lev-
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Figure 10. Same as Fig. 2 but for haze monomer production parameter β = (a) 105, (b) 102.5, (c) 10−2.5, and (d) 10−5. See
Eq. (35) for the definition of β.
els, 3.3 × 10−8 bar, 2.3 × 10−7 bar, 8.7 × 10−6 bar,
4.7× 10−4 bar, 3.9× 10−2 bar, 0.90 bar, and 10 bar for
the case of β = 105. Same as in Fig. 7, the slip flow and
Stokes regimes are indicated by solid and dashed lines,
respectively, and the transition points are marked by
filled circles. First, similarly to the case of β = 1 (Fig. 7),
the number density of the monomer size, 10−3 µm, is the
largest at all the pressure levels, because of the large
monomer production rate. Like in the fiducial case, for
P . 10−5 bar, the coagulation due to brownian diffu-
sion is the dominant process, whereas that due to gravi-
tational collection hardly occurs. On the other hand, at
high pressures of P & 10−5 bar, both coagulation mech-
anisms contribute to the particle growth. One finds a
bimodal distribution with a wide gap whose center is
around 40 µm for 3.9 × 10−2 bar, 0.90 bar, and 10 bar
(note that the vertical range of Fig. 12 differs greatly
from that of Fig. 7). In contrast to the fiducial case, the
particle growth proceeds rapidly as a whole and, then,
the large-size particles (& 400 µm) enter to the Stokes
regime (see the green line) before development of any
peak like ones observed in Fig. 7. Thus, the largest-size
(& 400 µm) group stops growing and the small parti-
cles in the slip flow regime (40 µm . s . 400 µm)
grow and catch up with the largest (& 400 µm) par-
ticles in the Stokes regime. However, in this case, even
relatively small (. 40 µm) particles are already in the
Stokes regime at 3.9 × 10−2 bar, 0.90 bar, and 10 bar.
Thus, the transition points place limits on growth for
these relatively small particles. The reason why the gap
continues to deepen is that smaller particles settle more
slowly than larger ones in the Stokes regime.
In Figure 13, we plot the distributions of mass density
for all the size bins at the same seven different pressure
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(a) β = 105 (b) β = 102.5
(c) β = 10−2.5 (d) β = 10−5
Figure 11. Same as Fig. 6 but for β = (a) 105, (b) 102.5, (c) 10−2.5, and (d) 10−5. See Eq. (35) for the definition of β.
levels as shown in Fig. 12 for the case of β = 105. In
contrast to the case of β = 1 (Fig. 8), the distribution is
clearly bimodal for the pressure levels, 3.9 × 10−2 bar,
0.15 bar, and 10 bar. The distributions of mass den-
sity are qualitatively similar to those of number density
(Fig. 12). The obvious difference is that the two peaks
of mass density are comparable in value.
Figure 14 shows the transmission spectrum models for
the atmosphere with haze for the five cases where β is
105 (red line), 102.5 (yellow line), 1 (green line, same as
the green line in Fig. 9), 10−2.5 (blue line), and 10−5
(purple line). Transmission spectrum model for the at-
mosphere without haze in the case of β = 1 (black line)
is also plotted, but can be hardly seen as it overlaps with
that for the atmosphere with haze for β = 10−5 (purple
line). Similarly to Fig. 9, the horizontal dotted lines rep-
resent the transit depths corresponding to the pressure
levels from 1× 10−6 bar to 1 bar for the atmosphere in
the case of β = 1. From this figure, we can see that
the transmission spectrum varies with the value of β
significantly. In the case of β = 105 (red line), the over-
all spectrum is rather flat. This is because the floating
haze particles at high altitudes (P ∼ 10−5 bar) make the
atmosphere so optically thick that their absorption ob-
scures spectral absorption features due to the molecules
in the lower (P & 10−5 bar) atmosphere. Also, it turns
out that the bimodal size distribution seen in the range
of P & 10−5 bar (see Fig. 11) hardly affects the resul-
tant transmission spectrum. In the case of β = 102.5
(yellow line), some features of the haze can been seen,
which include the spectral slope due to Rayleigh scatter-
ing in the optical and the absorption features at 3.0 µm
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3.3 x 10-8 bar
2.3 x 10-7 bar
8.7 x 10-6 bar
4.7 x 10-4 bar
3.9 x 10-2 bar
0.90 bar
Figure 12. Distributions of number density for all the size
bins at seven different pressure levels, 3.3×10−8 bar (purple
line), 2.3 × 10−7 bar (blue line), 8.7 × 10−6 bar (light blue
line), 4.7×10−4 bar (green line), 3.9×10−2 bar (yellow line),
0.90 bar (orange line), and 10 bar (red line) for the case of
β = 105. The Stokes regime is indicated by dashed lines,
while the slip flow regime is indicated by solid lines; The
transition points are marked by filled circles.
10 bar
3.3 x 10-8 bar
2.3 x 10-7 bar
8.7 x 10-6 bar
4.7 x 10-4 bar
3.9 x 10-2 bar
0.90 bar
Figure 13. Same as Fig. 12 but the distribution of mass
density.
and 4.6 µm coming from the vibrational transitions of
the C-H and C≡N bonds, respectively. As β decreases,
the overall transit depth becomes lower. This is because
the altitude at which the atmosphere becomes optically
thick also decreases. In the case of β = 10−5 (purple
line), the spectrum is almost the same as that of the at-
mosphere without haze (black line). In conclusion, these
results demonstrate that the difference in monomer pro-
duction rate, which relates to the UV irradiation inten-
sity from the host star, makes the diversity of trans-
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Figure 14. Transmission spectrum models for the atmo-
sphere with haze for the five cases where β is 105 (red line),
102.5 (yellow line), 1 (green line, same as the green line in
Fig. 9), 10−2.5 (blue line), and 10−5 (purple line). Transmis-
sion spectrum model for the atmosphere without haze in the
case of β = 1 (black line) is also plotted, but can be hardly
seen as it overlaps with that for the atmosphere with haze in
the case of β = 10−5 (purple line). Same as Fig. 9, horizon-
tal dotted lines represent the transit depths corresponding
to the pressure levels from 1× 10−6 bar to 1 bar for the at-
mosphere without haze in the case of β = 1. Note that the
transmission spectrum models are smoothed for clarity.
mission spectrum: completely flat spectrum, spectrum
with only extinction features of hazes (i.e., spectral slope
due to Rayleigh scattering and absorption features of
hazes), spectrum with slope due to Rayleigh scattering
and some molecular absorption features, and spectrum
with only molecular absorption features.
4. VALIDITY OF CHARACTERISTIC SIZE
APPROXIMATION IN PARTICLE GROWTH
CALCULATION
When comparing theoretical transmission spectra
of hazy atmospheres with high-precision observational
data, the distribution of haze particles has to be de-
termined with multiple-size growth calculations (§ 2.2).
To explore the possibility of reducing the computa-
tional cost and understand the effect of bimodality on
transmission spectra, we examine the validity of charac-
teristic size approximation quantitatively, applying the
grain growth model of Ormel (2014). The character-
istic size approximation assumes that there are parti-
cles of a single size and monomers in the atmosphere.
This approximation is validated, at least, in the studies
of the dynamics of dust grains in protoplanetary disks
(Okuzumi et al. 2011) and proto-envelopes of gas giants
(Ormel 2014).
We assume that the haze particle size distribution at
any altitude z is characterized by a characteristic mass
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m∗, defined as (Ormel 2014)
m∗ ≡
∫
ξ (m)m dm∫
ξ (m) dm
, (68)
where ξ (m) is the distribution function of particles of
massm. The characteristic massm∗ changes by both co-
agulation of haze particles and production of monomers.
The latter effect decreases the value of m∗ toward the
monomer mass. In this study, because focusing on the
effect of size distribution, we neglect the gravitational
collection and eddy diffusion, which are included in our
particle growth module developed in § 2.2. Thus, we
assume that coagulation occurs due to the Brownian
collision only. The gravitational collection is important
when both small and large particles are abundant. Thus,
as shown in the previous section, this has a significant in-
fluence on the vertical profile of haze particles in the case
of β = 105. However, as also shown above because the
altitude where gravitational collection becomes impor-
tant is optically thick enough for transmitted radiation,
the exclusion of gravitational collection has a little effect
on resultant transmission spectra. Also, as the particle
transport mechanism, we take only gravitational sedi-
mentation into account and ignore eddy diffusion. While
the eddy diffusion affects the vertical profile of haze par-
ticles in the lower atmosphere in the case of β = 10−5
to some extent, we ignore the effect because we want to
focus on the effect of size distribution. The maximum
differences in transit depth between spectrum models
obtained from the multiple size calculations with and
without two effects (gravitational collection and eddy
diffusion) in the wavelength range of 0.3-5 µm are 38,
64, 43, 202, and 85ppm for β = 105, 102.5, 1, 10−2.5,
and 10−5, respectively. The relatively large difference
for β = 10−2.5 case comes from the eddy diffusion ef-
fect.
Figure 15 shows the transmission spectrum models for
the atmosphere with haze for the five cases where β is
105 (red line), 102.5 (yellow line), 1 (green line), 10−2.5
(blue line), and 10−5 (purple line). Models obtained
from the multiple size calculations (§ 2.2) are shown
with thick lines, while those calculated with the char-
acteristic size approximation are plotted with thin lines.
The model for the haze-free atmosphere for β = 1 (black
line) is also plotted. Same as Fig. 9, the horizontal dot-
ted lines represent the transit depths corresponding to
the pressure levels from 1 × 10−6 bar to 1 bar for the
atmosphere without haze in the case of β = 1. Again,
we ignore the gravitational collection and eddy diffusion
also in the multiple-size particle growth calculations to
compare the results from those with the characteristic
size approximation.
In the case of β = 105 (red lines), although the size dis-
tribution is obviously bimodal in the lower atmosphere
Figure 15. Transmission spectrum models for the atmo-
sphere with haze for the five cases where the haze monomer
production parameter β is 105 (red lines), 102.5 (yellow lines),
1 (green lines), 10−2.5 (blue lines), and 10−5 (purple lines).
Models obtained from the multiple size calculations (§ 2.2)
are shown with thick lines, while those calculated with the
characteristic size approximation are plotted with thin lines.
Transmission spectrum model for the atmosphere without
haze in the case of β = 1 (black line) is also plotted. Same
as Fig. 9, the horizontal dotted lines represent the transit
depths corresponding to the pressure levels from 1×10−6 bar
to 1 bar for the atmosphere without haze in the case of β = 1.
Note that the transmission spectra are smoothed for clarity.
(see Figs. 12 and 13), the difference between the two
spectrum models are very small. This is because haze
particles are so abundant that the atmosphere is opti-
cally thick at low pressures (P ∼ 10−5 bar) and therefore
the difference in haze particle distribution in the lower
atmosphere (P & 10−5 bar) hardly affects the resul-
tant spectrum. In the case of the intermediate values of
β = 102.5 (yellow lines), 1 (green lines), and 10−2.5 (blue
lines), the differences between the two models are rela-
tively large, because the size multiplicity is important.
In the case of β = 10−5 (purple lines), the difference
in transit depth between the two models are relatively
small because of their small abundance of haze in the
atmosphere.
The maximum differences in transit depth between
the two models in the wavelength range of 0.3-5 µm for
β = 105, 102.5, 1, 10−2.5, and 10−5 are 87, 205, 393,
393, and 101ppm, respectively. Precision of observed
transit depths depends on properties of the planet, host
star, observational instrument, and so on. If the pre-
cision of observed transit depths is larger than the dif-
ference in transit depth between the multiple-size and
characteristic-size models, the characteristic size ap-
proximation is useful.
5. SUMMARY AND CONCLUSIONS
In this study, we have developed the transmission
spectrum models of a close-in warm (∼ 500 K) exo-
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planet with a hazy hydrogen-dominated atmosphere by
calculating directly the creation, growth, and settling
of hydrocarbon haze particles to derive the distribution
of haze particles. More specifically, we have done pho-
tochemical calculations to derive the vertical profiles of
volume mixing ratios of the haze precursors, HCN and
C2H2. Then, using the obtained vertical profiles of the
precursors, we have calculated the growth and settling
of haze particles in the atmosphere to derive the steady-
state distribution of the size and number density of haze
particles. We have also modeled transmission spectra
of the atmospheres with obtained properties of hazes to
explore whether the recently-observed diversity of trans-
mission spectra can be explained by the variation in the
production rate of haze monomers.
We have found that the haze particles tend to dis-
tribute in a wider region than previously assumed and
consists of various sizes. We have also found that the dif-
ference in the production rate of haze monomers, which
relates to the UV irradiation intensity from the host
star, yields the diversity of transmission spectra observa-
tionally suggested: completely flat spectra, spectra with
only extinction features of hazes (i.e., spectral slope due
to Rayleigh scattering and absorption features of hazes),
spectra with slope due to Rayleigh scattering and some
molecular absorption features, and spectra with only
molecular absorption features.
Also, by applying the grain growth model of Ormel
(2014), we have examined the validity of characteristic
size approximation in particle growth calculation. We
have quantified the precisions of observed transit depths
beyond which the characteristic approximation suffices
to be used for comparison with observation.
In this paper, we have focused mainly on describing
the methodology and demonstrating the sensitivity of
transmission spectra to haze monomer production rate.
In our forthcoming papers, we make detailed investiga-
tion of the dependence of transmission spectra on model
parameters other than monomer production rate such as
atmospheric metallicity, C/O ratio, eddy diffusion coef-
ficient, atmospheric temperature profile, and monomer
size. Also, we explore in detail the composition of the at-
mospheres of known warm exoplanets by comparing the
observed spectra with our theoretical ones, taking into
account other possibilities of cloud/haze constituents.
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APPENDIX
A. COMPARISON WITH Tsai et al. (2017)
To verify our photochemical model presented in section 2.1, we first examine our thermochemical reaction networks.
In this section, we attempt to reproduce the results of Tsai et al. (2017) for two hot Jupiters, HD 189733b and
HD 209458b. They considered thermochemistry and eddy-diffusion transport, but ignored photochemistry. They then
simulated the atmospheric chemistry of these two planets to compare their models with those of Moses et al. (2011).
For comparison, we adopt the same assumptions and values of input parameters that Tsai et al. (2017) adopted:
The fluxes of all the species are zero both at the lower and upper boundaries. The temperature profiles are the dayside-
averaged ones taken from the supplementary material of Moses et al. (2011). The value of eddy diffusion coefficient
Kzz is 1× 109 cm2 s−1 and the solar elemental abundance ratios from Table 10 of Lodders et al. (2009). O abundance
is multiplied by a factor of 0.793 to account for the effect of oxygen sequestration (see Moses et al. 2011). We prepare
90 layers with thickness of 50 km and 140 km for the simulations of HD 189733b and HD 209458b, respectively, and
place the lower boundary pressure at 1000 bar. For the values of planet mass and 1000-bar radius, we use 1.15 MJ
and 1.26 RJ for HD 189733b (Bouchy et al. 2005), and 0.685 MJ and 1.359 RJ for HD 209458b (Torres et al. 2008).
Figure A1 shows the calculated vertical distributions of gaseous species (solid lines) for the atmospheres of
(a) HD 189733b and (b) HD 209458b, which are compared to the results of Tsai et al. (2017) (thin solid lines with
crosses). HCN is not included in the model of Tsai et al. (2017), while the molecules indicated in italics are not
included in our model. Vertical distributions of HCN from “no photon” models of Moses et al. (2011), in which they
omit photochemistry, are also shown (thin solid lines with asterisks). We take these data by tracing their Figure 3 with
the use of the software, PlotDigitizer X6. We also present the thermochemical equilibrium abundances with dashed
lines for reference.
In the case of (a) HD 189733b first, the mixing ratios of ours and Tsai et al. (2017) differ by a factor of ∼ 30
for CH4, ∼ 4 for CO, and ∼ 2 for H2O, because quench occurs at higher pressure in our model. Because of such
difference in fCH4 , our abundances of CH3 and CH3OH are larger by 1-2 and 1-3 orders of magnitude, respectively.
The abundances of species in thermochemical equilibrium such as CO2, H, and O match theirs well. As for haze
precursors, since HCN is not considered in their models, we cannot do any comparison regarding HCN. However, the
“no photon” models of Moses et al. (2011) (thin solid line with asterisks), in which they omit photochemistry, yield
similar abundances to ours. The abundance of C2H2 differs little between Tsai et al. (2017)’s and ours. This slight
difference in C2H2 abundance never affects our results regarding haze distributions and transmission spectra, since the
profile of the production rate of monomers is determined mainly by that of HCN abundance (see § 3.1 and 3.4).
In the case of (b) HD 209458b, the abundances of the species, CO, H2O, H, CH4, CO2, CH3, CH3OH, and O,
match theirs well. This is because of higher temperature of HD 209458b, for which the molecules tend to be closer
to thermochemical equilibrium. As for haze precursors, we again compare the HCN abundance from our model with
that from the “no photon” models of Moses et al. (2011). In our model, the abundance of HCN deviates from its
thermochemical equilibrium values at higher pressure (∼ 100 bar) compared to Moses et al. (2011) (∼ 1 bar), and
HCN results in being quenched at larger abundance in the pressure range of 1 × 10−3 bar to 100 bar. If we used
the result of Moses et al. (2011) as the distribution of the precursor molecules, we would assume smaller monomer
production at high altitudes and larger at low altitudes. This would hamper particle growth a little and result in
less flat transmission spectra. The abundance of C2H2 is larger than that of Tsai et al. (2017) in the region where
C2H2 is not in thermochemical equilibrium (i.e., P . 10
−1 bar). However, again, this difference never affects our
results regarding haze distributions and transmission spectra, because the profile of the production rate of monomers
is determined mainly by that of HCN abundance.
B. COMPARISON WITH Kopparapu et al. (2012)
In this section, we compare our photochemical model with the model of Kopparapu et al. (2012) for the hot Jupiter
WASP-12b, in which photochemistry is considered in addition to thermochemistry and transport by eddy diffusion.
For comparison, we use the same profiles of temperature and eddy diffusion coefficient by tracing the Figure 1 of
Kopparapu et al. (2012) with use of PlotDigitizer X. Following them, we neglect transport of the short-lived species
O(1D) and 1CH2. Since the photodissociation reactions for CO, H2, N2, and CH3OH are not taken into account in
6 http://www.surf.nuqe.nagoya-
u.ac.jp/ nakahara/software/plotdigitizerx/index-e.html
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Figure A1. Vertical distributions of gaseous species (solid lines) for the atmospheres of (a) HD 189733b and (b) HD 209458b,
compared to those from Tsai et al. (2017) (solid lines with crosses). HCN is not included in the model of Tsai et al. (2017) while
the molecules indicated in italics are not included in our model. Vertical distributions of HCN from “no photon” models of
Moses et al. (2011), in which they omit photochemistry, are also shown (thin solid lines with asterisks). We take these data by
tracing their Figure 3 with the use of the software, PlotDigitizer X. We also present the thermochemical equilibrium abundances
with dashed lines for reference. Note that the eddy diffusion transport is not included in the thermochemical equilibrium
calculations.
their model, we exclude photochemical reactions, P7, P10, P11, and P12, from our photochemical reaction list used
in this section. Also, while we consider the following photochemical reaction,
P6 : CH4 → CH+H2 +H,
which they do not consider, they consider the following photochemical reaction,
CH4 → CH2 +H+H,
which we do not consider. The other photochemical reactions are identical to theirs. Following them, we use the
G0V star spectrum from Pickles (1998) and convert it to suit for WASP-12 by using the relation between the flux at
5556 A˚ and the visual magnitude, V , from Gray (1992). We use V = 11.69 (Hebb et al. 2009), 427 pc as the distance
to the star (Chan et al. 2011), and 0.0229 AU as the semi-major axis (Hebb et al. 2009). We take the solar elemental
abundance ratios from Table 1 of Asplund et al. (2005) following them. We prepare 100 layers with thickness of 128 km
placing the lower boundary pressure at 1 bar. For the values of planet mass and 1-bar radius, we use 1.41 MJ and
1.79 RJ, respectively (Hebb et al. 2009).
Figure B2 shows the calculated vertical distributions of gaseous species (solid lines), which are compared to the
results of Kopparapu et al. (2012) (solid lines with symbols) that we also take by tracing their Figure 4 with the use
of PlotDigitizer X. We also present the thermochemical equilibrium abundances with dashed lines for reference.
The abundances of the major (fi & 10
−10) species agree with Kopparapu et al. (2012)’s within one order of mag-
nitude. The abundances at the lower boundary (1 bar) are slightly different from theirs, although we have used
thermochemical equilibrium values for the lower boundary condition in the same way as they did and also used the
same elemental abundance ratios. The differences in abundance profile may come from those in these lower boundary
values.
C. THERMOCHEMICAL REACTIONS
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Figure B2. Vertical distributions of gaseous species (solid lines) compared to those from Kopparapu et al. (2012) (solid lines
with symbols), which we take by tracing their Figure 4 with the use of PlotDigitizer X. Filled circles represent the thermochemical
equilibrium values at the lower boundary. The thermochemical equilibrium abundances are shown with dashed lines for reference.
Note that the eddy diffusion transport is not included in the thermochemical equilibrium calculations.
Table C1. Thermochemical Reactions
No. No. Hua Reactants Products Rate Coefficients b Ref. Temp.c
R1 R1 C + CH2 → CH + CH 2.69× 10
−12e−23573.0/T NIST 1000-4000
R2 R2 C + CN → C2 +N 4.98× 10
−10e−18041.0/T NIST 5000-8000
R3 R3 C + H2 → CH +H 6.64× 10
−10e−11700.0/T NIST 1520-2540
R4 R5 C + N2 → CN +N 8.7× 10
−11e−22611.0/T NIST 2000-5000
R5 R6 C + O2 → CO+O 5.1× 10
−11 (T/298.0)−0.3 NIST 15-295
R6 R14 C2H+ CH3OH → C2H2 + CH3O 2.0× 10
−12 NIST 300-2500
R7 R17 C2H2 +CN → HCN+ C2H 2.2× 10
−10 NIST 294
R8 R31 CH +CH → C2H2 2.0× 10
−10 NIST 298
R9 R34 CH2 + C2H → C2H2 + CH 3.0× 10
−11 NIST 300-2500
R10 R40 NH +OH → NH2 +O 2.94× 10
−12 (T/298.0)0.1 e5800.0/T NIST 298-3000
R11 R42 CH2 + CH2 → C2H2 +H2 2.62× 10
−9e−6010.0/T NIST 1100-2700
R12 R43 CH2 + CH2 → C2H2 +H+H 3.32× 10
−10e−5530.0/T NIST 1100-2700
R13 R48 CH2 + CH4 → CH3 + CH3 7.12× 10
−12e−5050.0/T NIST 296-707
R14 R49 CH2 + CH3OH → CH3 + CH3O 1.12× 10
−15 (T/298.0)3.1 e−3490.0/T NIST 300-2500
R15 R50 CH2 +HCO → CO+ CH3 3.0× 10
−11 NIST 300-2500
R16 R57 CH3 + C2H2 → CH4 + C2H 3.0× 10
−13e−8700.0/T NIST 300-2500
R17 R69 CH3 + CH3OH → CH4 + CH3O 1.12× 10
−15 (T/298.0)3.1 e−3490.0/T NIST 300-2500
R18 R71 CH3 +HCO → CH4 + CO 2.0× 10
−10 NIST 300-2500
R19 R91 CH4 + C2H → C2H2 + CH3 3.0× 10
−12e−250.0/T NIST 300-2500
R20 R96 CH4 + CH3O → CH3OH+ CH3 2.61× 10
−13e−4450.0/T NIST 300-2500
R21 R99 CH4 + CN → HCN+ CH3 5.11× 10
−13 (T/298.0)2.64 e150.3/T NIST 290-1500
R22 R101 CH3OH+ CN → HCN+ CH3O 1.2× 10
−10 NIST 294
R23 R108 HCO+ C2H → C2H2 + CO 1.0× 10
−10 NIST 300-2500
R24 R113 HCO+ CH3O → CH3OH+ CO 1.5× 10
−10 NIST 300-2500
R25 R116 HCO+ CN → HCN+ CO 1.0× 10−10 NIST 500-2500
Table C1 continued
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Table C1 (continued)
No. No. Hua Reactants Products Rate Coefficients b Ref. Temp.c
R26 R120 CO +C2H2 → C2H+HCO 8.0× 10
−10e−53641.4/T NIST 300-2500
R27 R122 CO +CH3 → C2H2 +OH 6.3× 10
−11e−30428.9/T NIST 1500-1900
R28 R127 H + C2H → C2H2 3.0× 10
−10 NIST 300-2500
R29 R128 H + C2H → H2 + C2 6.0× 10
−11e−14192.0/T NIST 300-2500
R30 R129 H + C2H2 → C2H+H2 1.0× 10
−10e−11200.0/T NIST 300-2500
R31 R145 H + CH → C+ H2 1.31× 10
−10e−85.6/T NIST 300-2000
R32 R146 H + CH2 → CH +H2 1.0× 10
−11e900.0/T NIST 300-3000
R33 R149 H + CH3 → CH2 +H2 1.0× 10
−10e−7600.0/T NIST 300-2500
R34 R152 H + CH3O → CH3OH 2.89× 10
−10 (T/298.0)0.04 NIST 300-2500
R35 R153 H + CH3O → CH3 +OH 1.6× 10
−10 NIST 300-2500
R36 R157 H + CH4 → CH3 +H2 5.83× 10
−13 (T/298.0)3.0 e−4040.0/T NIST 300-2500
R37 R158 H + CH3OH → CH3 +H2O 3.32× 10
−10e−2670.0/T NIST 1370-1840
R38 R159 H + CH3OH → CH3O+H2 2.42× 10
−12 (T/298.0)2.0 e−2270.0/T NIST 300-2500
R39 R162 H + HCO → CO+H2 1.50× 10
−10 NIST 300-2500
R40 R165 H + CO2 → CO+OH 2.51× 10
−10e−13350.0/T NIST 300-2500
R41 R166 H + H2O → H2 +OH 6.82× 10
−12 (T/298.0)1.6 e−9720.0/T NIST 300-2500
R42 R184 H + NH → H2 +N 1.69× 10
−11 NIST 1500-2500
R43 R185 H + NH2 → H2 +NH 1.05× 10
−10e−4450.1/T NIST 1100-1800
R44 R186 H + NH3 → H2 +NH2 7.80× 10
−13 (T/298.0)2.4 e−4990.1/T NIST 490-1780
R45 R191 H + O2 → O+OH 6.73× 10
−10 (T/298.0)−0.59 e−8152.0/T NIST 800-3500
R46 R193 H2 +C → CH +H 6.64× 10
−10e−11700.0/T NIST 1520-2540
R47 R194 H2 +C2 → C2H+H 1.1× 10
−10e−4000.0/T NIST 2580-4650
R48 R195 H2 +C2H → C2H2 +H 8.95× 10
−13 (T/298.0)2.57 e−130.0/T NIST 200-2000
R49 R202 H2 +CH → CH2 +H 3.75× 10
−10e−1660.0/T NIST 327-397
R50 R203 H2 +CH3 → CH4 +H 6.86× 10
−14 (T/298.0)2.74 e−4740.0/T NIST 300-2500
R51 R204 H2 +CH3O → CH3OH+H 9.96× 10
−14 (T/298.0)2 e−6720.0/T NIST 300-2500
R52 R207 H2 +CN → HCN+H 5.65× 10
−13 (T/298.0)2.45 e−1131.0/T NIST 300-2500
R53 R211 H2 +NH → NH2 +H 3.5× 10
−11e−7758.0/T NIST 833-1432
R54 R212 H2 +NH2 → NH3 +H 6.75× 10
−14 (T/298.0)2.6 e−3006.8/T NIST 400-2200
R55 R214 H2O+ C → CH +OH 1.3× 10
−12e−19845.0/T NIST 1000-4000
R56 R215 H2O+ C2H → C2H2 +OH 7.74× 10
−14 (T/298.0)3.05 e−376.0/T NIST 300-2000
R57 R218 H2O+ CH → CH3O 9.48× 10
−12e380.0/T NIST 298-669
R58 R219 H2O+ CN → HCN+OH 1.3× 10
−11e−3760.0/T NIST 500-2500
R59 R276 N + C2 → CN + C 2.8× 10
−11 NIST 298
R60 R280 N + CH → C+ NH 3.0× 10−11 (T/298.0)0.65 e−1203.0/T NIST 990-1010
R61 R281 N + CH → CN +H 1.66× 10−10 (T/298.0)−0.09 NIST 216-584
R62 R282 N + CH3 → H2 +HCN 4.3× 10
−10e−420.0/T NIST 200-423
R63 R284 N + CN → C+ N2 3.0× 10
−10 NIST 300-2500
R64 R287 N + H2O → OH+NH 6.03× 10
−11 (T/298.0)1.2 e−19243.6/T NIST 800-3000
R65 R289 N + NH → N2 +H 1.95× 10
−11 (T/298.0)0.51 e−9.6/T NIST 300-2500
R66 R290 N + NH2 → NH+NH 3.0× 10
−13e−7600.0/T NIST 1000-4000
R67 R300 NH +NH3 → NH2 +NH2 5.25× 10
−10e−13470.0/T NIST 1300-1700
R68 R305 NH +O → OH+N 1.16× 10−11 NIST 250-3000
Table C1 continued
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Table C1 (continued)
No. No. Hua Reactants Products Rate Coefficients b Ref. Temp.c
R69 R309 NH +OH → H2O+N 3.1× 10
−12 (T/298.0)1.2 NIST 298-3000
R70 R310 NH2 + C → CH +NH 9.61× 10
−13e−10500.0/T NIST 1000-4000
R71 R311 NH2 + C2H2 → C2H+NH3 8.2× 10
−13e−2780.0/T NIST 340-510
R72 R316 NH2 + CH3 → CH4 +NH 8.4× 10
−10e−4834.9/T NIST 300-2000
R73 R317 NH2 + CH4 → CH3 +NH3 8.77× 10
−15 (T/298.0)3 e−2130.0/T NIST 300-2000
R74 R319 NH2 +H2O → OH+NH3 2.1× 10
−13 (T/298.0)1.9 e−5725.0/T NIST 300-3000
R75 R323 NH2 +O → OH+NH 1.16× 10
−11 NIST 298-3000
R76 R326 NH2 +OH → H2O+NH 7.69× 10
−13 (T/298.0)1.5 e−230.0/T NIST 250-3000
R77 R327 NH3 + CH → HCN+H2 +H 7.24× 10
−11e317.0/T NIST 300-1300
R78 R328 NH3 + CH3 → CH4 +NH2 9.55× 10
−14e−4895.0/T NIST 350-600
R79 R329 NH3 + CN → HCN+NH2 1.66× 10
−11 NIST 300-700
R80 R388 O + C2 → CO+ C 6.0× 10
−10 NIST 8000
R81 R389 O + C2H → CO+ CH 1.7× 10
−11 NIST 300-2500
R82 R391 O + C2H2 → CO+ CH2 3.49× 10
−12 (T/298.0)1.5 e−850.0/T NIST 300-2500
R83 R407 O + CH → OH+ C 2.52× 10−11e−2380.0/T NIST 10-6000
R84 R408 O + CH → CO+H 6.6× 10−11 NIST 300-2000
R85 R409 O + CH2 → CH +OH 7.2× 10
−12 NIST 300-2500
R86 R410 O + CH2 → HCO+H 5.0× 10
−11 NIST 1200-1800
R87 R411 O + CH2 → CO+H+H 1.2× 10
−10 NIST 300-2500
R88 R412 O + CH2 → CO+H2 7.3× 10
−11 NIST 300-2500
R89 R414 O + CH3 → CH3O 7.51× 10
−14 (T/298.0)−2.12 e−314.0/T NIST 300-2500
R90 R416 O + CH3 → CO+H2 +H 5.72× 10
−11 NIST 290-900
R91 R420 O + CH3O → CH3 +O2 2.5× 10
−11 NIST 298
R92 R423 O + CH4 → CH3 +OH 2.26× 10
−12 (T/298.0)2.2 e−3820.0/T NIST 420-1520
R93 R424 O + CH3OH → CH3O+OH 1.66× 10
−11e−2360.0/T NIST 300-1000
R94 R426 O + HCO → CO+OH 5.0× 10−11 NIST 300-2500
R95 R427 O + HCO → CO2 +H 5.0× 10
−11 NIST 300-2500
R96 R430 O + CN → CO+N 3.4× 10−11e−210.0/T NIST 500-2500
R97 R433 O + H2 → H+OH 3.44× 10
−13 (T/298.0)2.67 e−3160.0/T NIST 300-2500
R98 R436 O + HCN → CO+NH 3.0× 10−12e−4000.0/T JPL 470-900
R99 R445 O + OH → O2 +H 2.2× 10
−11e120.0/T JPL 200-300
R100 R449 O(1D) + CH4 → CH3O+H 3.5× 10
−11 JPL 200-300
R101 R450 O(1D) + CH4 → CH3 +OH 1.31× 10
−10 JPL 200-300
R102 R453 O(1D) + CH3OH → CH3O+OH 4.2× 10
−10 NIST 300
R103 R454 O(1D) + CO2 → CO2 +O 7.5× 10
−11e115.0/T JPL 200-300
R104 R455 O(1D) + H2 → H+OH 1.2× 10
−10 JPL 200-300
R105 R456 O(1D) + H2O → OH+OH 1.63× 10
−10e60.0/T JPL 200-300
R106 R458 O(1D) + N2 → O+N2 2.15× 10
−11e110.0/T JPL 200-300
R107 R461 O(1D) + NH3 → OH+NH2 2.5× 10
−10 JPL 200-300
R108 R464 O(1D) + O2 → O+O2 3.3× 10
−11e55.0/T JPL 200-300
R109 R476 OH + C2 → CO+ CH 8.3× 10
−12 NIST 2200
R110 R477 OH + C2H → CO+ CH2 3.0× 10
−11 NIST 300-2500
R111 R478 OH + C2H → C2H2 +O 3.0× 10
−11 NIST 300-2500
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R112 R480 OH + C2H2 → C2H+H2O 1.03× 10
−13 (T/298.0)2.68 e−6060.0/T NIST 300-2500
R113 R482 OH + C2H2 → CO+ CH3 6.34× 10
−18 (T/298.0)4.0 e1010.0/T NIST 500-2500
R114 R495 OH + CH3 → CH3O+H 6.45× 10
−13 (T/298.0)1 e−6012.0/T NIST 300-3000
R115 R496 OH + CH3 → CH2 +H2O 1.2× 10
−10e−1400.0/T NIST 300-1000
R116 R501 OH + CH4 → CH3 +H2O 2.45× 10
−12e−1775.0/T JPL 200-300
R117 R502 OH + CH3OH → CH3O+H2O 2.9× 10
−12e−345.0/T JPL 200-300
R118 R504 OH + HCO → CO+H2O 1.69× 10
−10 NIST 300-2500
R119 R507 OH + CN → O+HCN 1.0× 10−11e−1000.0/T NIST 500-2500
R120 R511 OH + CO → CO2 +H 5.4× 10
−14 (T/298.0)1.5 e250.0/T NIST 300-2000
R121 R512 OH + H2 → H2O+H 2.8× 10
−12e−1800.0/T JPL 200-300
R122 R515 OH + HCN → CO+NH2 1.1× 10
−13e−5890.0/T NIST 500-2500
R123 R516 OH + HCN → CN +H2O 1.84× 10
−13 (T/298.0)1.5 e−3890.0/T NIST 298-2840
R124 R523 OH + NH3 → H2O+NH2 1.7× 10
−12e−710.0/T JPL 200-300
R125 R526 OH +OH → H2O+O 1.8× 10
−12 JPL 200-300
R126 R596 1CH2 +H2 → CH2 +H2 1.26× 10
−11 YD99d
R127 R597 1CH2 +H2 → CH3 +H 9.24× 10
−11 YD99d
R128 R598 1CH2 +CH4 → CH2 + CH4 1.2× 10
−11 YD99d
R129 R599 1CH2 +CH4 → CH3 + CH3 5.9× 10
−11 YD99d
R130 R608 C2 +CH4 → C2H+ CH3 5.05× 10
−11e−297.0/T YD99d
R131 R644 NH2 +OH → NH3 +O 3.32× 10
−13 (T/298.0)0.4 e−250.2/T NIST 250-3000
R132 M1 C + C → C2 5.46× 10
−31 (T/298.0)−1.6 ×M NIST 5000-6000
R133 M2 C + H2 → CH2 6.89× 10
−32 ×M NIST 300
R134 M11 H + CN → HCN 9.35× 10−30 (T/298.0)−2.0 e−521.0/T ×M NIST 500-2500
R135 M12 H + CO → HCO 5.29× 10−34e−370.0/T ×M NIST 300-2500
R136 M13 H + H → H2 6.04× 10
−33 (T/298.0)−1.0 ×M NIST 300-2500
R137 M14 H + NH2 → NH3 3.0× 10
−30 ×M NIST 298
R138 M16 H + O → OH 4.36× 10−32 (T/298.0)−1.0 ×M NIST 300-2500
R139 M18 H + OH → H2O 6.87× 10
−31 (T/298.0)−2.0 ×M NIST 300-3000
R140 M22 N + C → CN 9.4× 10−33 ×M NIST 298
R141 M23 N + H → NH 5.0× 10−32 ×M NIST 298
R142 M24 N + H2 → NH2 1.0× 10
−36 ×M NIST 298
R143 M25 N + N → N2 1.38× 10
−33e502.7/T ×M JPL 90-6400
R144 M30 O + C → CO 2.0× 10−34 ×M NIST 8000
R145 M31 O + CO → CO2 1.7× 10
−33e−1509.0/T ×M NIST 300-2500
R146 M34 O + O → O2 5.21× 10
−35e900.0/T ×M NIST 200-4000
R147 M55 H + CH2 → CH3 k0
e = 5.8× 10−30e355.0/T YD99d
k∞
e = 2.37× 10−12e523.0/T
R148 M56 H + CH3 → CH4 6.2× 10
−29 (T/298.0)−1.8 ×M NIST 300-1000
R149 M72 CH +H2 → CH3 k0
e = 5.8× 10−30e355.0/T e YD99d
k∞
e = 2.37× 10−12e523.0/T
R150 T19 CH3OH → CH3O+H 2.16× 10
−8e−33556.0/T ×M NIST 1400-2500
R151 T20 CH3OH → CH3 +OH 1.1× 10
−7e−33075.0/T ×M NIST 1000-2000
R152 T22 CH3OH → CH2 +H2O 9.51× 10
15 (T/298.0)−1.02 e−46185.0/T NIST 1000-3000
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R153 T46 HCO → CO+H 6.0× 10−11e−7721.0/T ×M NIST 298-1229
R154 T57 HCN → H+ CN 1.93× 10−4 (T/298.0)−2.44 e−62782.1/T ×M NIST 1800-5000
aReaction number of Hu et al. (2012)
bUnit of cm3s−1 for 2-body reactions and cm6s−2 for 3-body reactions
cUnit of K
dYung & Demore (1999)
eRate coefficient k: k =
(
k0M
1+
k0M
k∞
)
0.6
[
1+
(
log10
k0M
k∞
)
2
]
−1
Note—Thermochemical Reactions used in our photochemical model. M refers to the number density of background atmosphere (unit
of cm−3). We assume M equals to the total number density.
D. PHOTOCHEMICAL REACTIONS
Table D2. Photochemical Reactions
No. No. Hua Reactants Products Quantum Yields
P1 1 O2 → O+O λ < 139 nm: 0.5
139 nm ≤ λ < 175 nm: 0
λ ≥ 175 nm: 1.0
P2 2 O2 → O+O(
1D) λ < 139 nm: 0.5
139 nm ≤ λ < 175 nm: 1.0
λ ≥ 175 nm: 0
P3 6 H2O → H+OH 1.0
P4 32 CH4 → CH3 +H 0.41 (Smith & Raulin 1999)
P5 33 CH4 → CH
1
2 +H2 0.53 (Smith & Raulin 1999)
P6 34 CH4 → CH +H2 +H 0.06 (Smith & Raulin 1999)
P7 35 CO → C+O λ < 111 nm: 1.0
λ ≥ 111 nm: 0
P8 36 CO2 → CO+O λ < 167 nm: 0
167 nm ≤ λ < 205 nm: 1.0
λ ≥ 205 nm: 0
P9 37 CO2 → CO+O(
1D) λ < 167 nm: 1.0
λ ≥ 167 nm: 0
P10 38 H2 → H+H λ < 80 nm: 0.1 (Mentall & Gentieu 1970)
80 nm ≤ λ < 85 nm: 1.0
λ ≥ 85 nm: 0
P11 39 N2 → N+N 1.0
P12 40 CH3OH → CH3O+H 1.0
P13 41 HCN → H+ CN 1.0
P14 42 NH3 → NH2 +H λ < 106 nm: 0.3 (Lilly et al. 1973)
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No. No. Hua Reactants Products Quantum Yields
106 nm ≤ λ < 165 nm: Linear interpolation
λ ≥ 165 nm: 1.0
P15 43 NH3 → NH+H2 λ < 106 nm: 0.7
106 nm ≤ λ < 165 nm: Linear interpolation
λ ≥ 165 nm: 1.0
P16 55 C2H2 → C2H+H λ < 217 nm: 1.0 (La¨uter et al. 2002)
λ ≥ 217 nm: 0
aReaction number of Hu et al. (2012)
bWe use the polynomial expansion written in page 4D-3 of Sander et al. (2011).
Note—Photochemical Reactions used in our photochemical model and values of quantum yields.
E. UV CROSS SECTIONS
Table E3. UV Cross Sections
Species Wavelength Cross Sections Ta
O2 4.13 nm ≤ λ ≤ 103.00 nm Brion et al. (1979) N
108.75 nm ≤ λ ≤ 129.60 nm Ogawa & Ogawa (1975) N
129.62 nm ≤ λ ≤ 172.53 nm Yoshino et al. (2005) N
176.8 nm ≤ λ ≤ 202.6 nm Kockarts (1976) N
205 nm ≤ λ ≤ 245 nm Sander et al. (2011) N
H2O 6.20 nm ≤ λ ≤ 118.08 nm Chan et al. (1993b) N
121.00 nm ≤ λ ≤ 198.00 nm Sander et al. (2011) N
198.00 nm ≤ λ ≤ 240 nm Extrapolation
CH4 52.054 nm ≤ λ ≤ 124.629 nm Kameta et al. (2002) N
125 nm ≤ λ ≤ 141 nm Chen & Wu (2004) N
142 nm ≤ λ ≤ 152 nm Lee et al. (2001) N
CO 6.199 nm ≤ λ ≤ 177 nm Chan et al. (1993a) N
CO2 35.0000 nm ≤ λ ≤ 197.6950 nm Huestis & Berkowitz (2010) N
197.70 nm ≤ λ ≤ 270.15 nm Ityaksov et al. (2008) N
H2 18 nm ≤ λ ≤ 70 nm Lee et al. (1976) N
77.00 nm ≤ λ ≤ 86.88 nm Cook & Metzger (1964) N
88.6 nm ≤ λ ≤ 124 nm Backx et al. (1976) N
N2 6.199 nm ≤ λ ≤ 113 nm Chan et al. (1993c) N
CH3OH 15.5 nm ≤ λ ≤ 103 nm Burton et al. (1992) N
106.50 nm ≤ λ ≤ 165.00 nm Nee et al. (1985) N
165.5 nm ≤ λ ≤ 219.5 nm Cheng et al. (2002) N
HCN 133.42 nm ≤ λ ≤ 144.75 nm Macpherson & Simons (1978) N
NH3 8.0 nm ≤ λ ≤ 105.0 nm Samson et al. (1987) N
106.00 nm ≤ λ ≤ 139.98 nm Wu et al. (2007) N
Table E3 continued
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Table E3 (continued)
Species Wavelength Cross Sections Ta
140.00 nm ≤ λ ≤ 230.00 nm Cheng et al. (2006) N
C2H2 6.20 nm ≤ λ ≤ 131 nm Cooper et al. (1995) N
136.90378 nm ≤ λ ≤ 185.62863 nm Smith et al. (1991) Y
185.63 nm ≤ λ ≤ 236.290 nm Be´nilan et al. (2000) Y
aTemperature dependence: Y and N indicate whether temperature dependence is taken
into account or not.
bWe use the expression written in page 4D-2 of Sander et al. (2011).
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